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PREFACE 

THIS  book  is  the  outcome  of  notes  on  a  course  of  les-<>n- 
at  Oundle  School.     It  was  by  accident  that  they  came 

into  tlio  hands  of  the  rniversity  Tress  for,  though  I  intended 
to  print  them  for  my  own  use,  I  had  no  intention  of  publishing 

them. 

These  lessons  were  essentially  practical:  that  is  to  say, 
there  was  always  laboratory  and  lecture  apparatus  at  my 
disposal  and  all  the  experiments  here  described  were  actually 
done,  some  in  the  laboratory  by  the  boys,  some  in  the  class- 
PIMIM.  Consequently  many  important  parts  of  the  subject 
which  I  did  not  think  suited  to  class  experiment  were 
omitted.  No  reference  therefore  will  be  found  in  this  book 
to  \-rays,  telephones  and  electric  waves. 

Without  an  OT6T  larire  stork  of  expensive  apparatus  it  is 
not  easy  for  all  boys  in  a  class  to  do  the  same  experiment  at 
one  lesson:  nor  is  it  necessary,  for  most  boys  now  know 
-oiiiethiiiL:  in  a  general  way  about  electricity  and  in  selecting 
experiments  for  them  to  perform  1  do  not  feel  it  necessary  to 
adhere  so  closely  to  a  logical  order  as  I  should  were  they  on 
entirely  new  ground.  I  would  suirgest  however  to  others 
who  may  u-r  this  book  that  at  first  the  lessons  should  be 
lamelx  demon-t  rat  ion- :  later  individual  laboratory  \\ork  may 
pi-edominate,  boys  repeating  for  themselves  experiments 
-hewn  prr\ioii-ly  in  the  theatre  by  their  master. 

I  belie\e  \er\  -troii-l\  in  the  early  u-e  of  instruments 
ammrter-  and  voltmeters)  which  irive  direr!  reading  ill 
addition  to  tlio-r  \\hich  only  compare  (e.g.  galvanometers  a- 
urnerally  u-ed  ».  It  i>  a  irreat  advantage  to  a  beginner  to  be 
able  to  name  his  current  in  ampere^  or  his  I;.M.F.  in  volt-. 
<  tfOOUne  the  roinpIcK-  r.juipmeilt  of  a  lalioratof\  i-  e\pen-i\  e. 
but  -<>od  instrument-  \\hich  \\itli  >uitablr  -hunt-  and  ic-i-t 
anr.-s  rover  wide  ranges  are  imw  so  ea-il\  obt:iined  and  can 
be  u-rd  in  -o  iiianx  different  experiment-  that  I  have  no 
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hesitation  in  uririnir  their  adoption.  In  cases,  however,  where 
the  COM  i-  really  prohibitive.  I  surest  (Art.  30)  that  the 
stock  of  galvanometers  should  be  calibrated  to  give  direct 
readings. 

I  once  thought  of  treating  even  Frictional  Electricity  with 
the  help  of  the  Static  Voltmeter,  etc.:  but  I  was  deterred 
partly  by  the  expense  and  partly  because  such  treatment 
diverges  too  much  from  ordinary  lines. 

Ideas  of  Potential  are  often  found  hard;  but  a  short 
preliminary  treatment  of  Work  and  Horse-power  in  the 
Mechanics  lessons  takes  away  most  of  a  boy's  difficulties 
and  makes  it  possible  to  talk  about  watts  and  volts  quite 
early  in  the  study  of  electricity. 

I  hope  that  experiments  are  described  with  sufficient 
detail.  It  is  difficult  to  strike  a  mean  between  over-elaborate 
directions  written  round  one's  own  apparatus  and  generalised 
instruction  so  wanting  in  exactness  as  to  necessitate  a  special 
laboratory  book. 

The  examples  are  mainly  original  but  some  have  been 
taken  from  Scholarship  Examinations:  others  (by  permission 
of  the  Controller  of  H.M.'s  Stationery  Office)  from  S.  K. 
Papers  set  in  years  previous  to  1897.  Apology  might  be 
needed  for  including  some  of  these  but  for  their  annual 
recurrence  slightly  altered  in  other  places. 

A  few,  which  are  much  too  hard  for  a  junior  class  and 
involve  the  calculus,  are  inserted  for  the  use  of  Scholarship 
Candidates. 

I  have  received  valuable  help  and  criticisms  from  my 
colleagues  Mr  E.  Jobling  and  Mr  H.  Freeman.  Figure  116  is 
reproduced  by  kind  permission  of  Lady  Kelvin  and  Messrs 
Macmillan:  Figs.  73,  74  come  from  the  catalogue  of  the 
Cambridge  Scientific  Instrument  Company.  Many  of  the 
diagrams  of  lines  of  force  were  drawn  by  boys.  To  all  these 
my  thanks  are  due.  I  am  indebted  to  Mr  G.  C.  Bloomer 
for  the  correction  of  many  errata.  Finally  I  wish  to  express 
my  gratitude  to  Mr  J.  B.  Peace  who  has  himself  read  through 
the  whole  of  the  proofs  and  made  many  valuable  suggestions 
•  luring  the  preparation  of  this  work  for  the  press. 

C.  J.   L.   W. 

July  1914. 
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INTRODUCTORY    CHAPTER    ON 
MAGNETISM 

THE  subjects  Electricity  and  Magnetism  are  so  closely 
ivlate-d  that  it  will  be  convenient  to  devote  a  few  pages  to 
-ome  of  the  simpler  tarts  of  magnetism  before  proceeding  to 
tin-  study  of  the  phenomena  connected  with  electric  currents. 
Some  of  the  main  facts  of  magnetism  are  known  to  almost 
everyone  and  may  therefore  be  passed  over  in  very  few 
words, 

1.  Pole:  Axis:  Meridian.     Take  any  ordinary  magnet 
and  sprinkle  it  over  with  iron  filings.     The  filings  cling  to  it  : 
but  t  hey  do  not  cl i uir  to  it  evenly  :  they  gather  together  in  two 
bunches,  the  centres  of  which  are  usually  near  the  ends  of 
the  mairnet.     These  centres  are  spoken  of  asthepofo*;  the 
line  or  the  direction  of  the  line  joining  them  is  the  axis. 
In  the  case  of  a  long  thin  magnet  such  as  a  knitting  needle 

I »..!<-  ar«-  clearly  marked  :  in  a  thick  horseshoe  magnet 
they  are  le>s  definite. 

If  a  mairuet  be  suspended  in  such  a  way  that  it  can  swing 
freely  with  it-  axis  hori/ontal.  it  will  be  found  that  it 
oscillates  to  and  fro  and  alwa\>  comes  to  rest  with  its  axis  in 
a  particular  direction.  In  most  parts  of  the  world  this 
direction  is  nearly  North  and  South,  so  that  we  can  speak  of 
the  two  ends  or  poles  of  a  ma-net  as  the  North  and  the 

th. 

The  vertical  plane  pa—  ini:  through  the  axis  of  a  freely  sus- 
pended needle  i-  termed  the  plane  «.f  the  magnetic  ,,i<  n<l<nn. 

2.  Action  of  Poles.      I '.rim:  the   North   p..|«- 

ict  near  the  North  pole  of  a  coinpan  needle;  the  latter 

will    move    a\\ay.     The    re.-ult    is    exactly    similar    with    t\\<> 

<outh  pole*     It'  bowerer  the  North  pole  of  the  magnet  be 

w.  1 


brought  near  the  South  pole  of  a  compass  needle  the  latter 
\\ill  beirin  to  move  nearer.  Hence  it  may  be  said  that  like 
poles  repel  one  another,  unlike  poles  attract. 

3.  Law  of  the  Inverse  Square.     It  is  quite  readily 
-ecu  that  the  nearer  two  poles  are  together  the  greater  the 
attraction  between  them,  but  the  exact  relation   between 
force  and  distance  was  not  definitely  established  till  the  time 
of  Coulomb   iirr/").     Coulomb  guessed   the  law   and   then 
proceeded  to  verify  it  by  experiments  on  the  torsion  balance 
which  he  had  invented.     The  law  is  "the  force  between  two 
magnetic  poles  varies  inversely  as  the  square  of  the  distance 
between  them."     Doubling  the  distance  between  two  poles 
reduces  the  force  to  a  quarter  of  the  previous  value  ;  halving 
the  distance  quadruples  the  force. 

4.  Unit  Pole.     We   require   a   standard   by  which   to 
measure  pole  strength.     We  first  define  our  unit  pole  as 
follows :  If  two  exactly  similar  poles  placed  one  centimetre 
apart  repel  one  another  with  a  force  of  one  dyne,  each  pole  is 
said  to  be  of  unit  strength. 

The  strength  of  any  other  pole  is  measured  by  the  force 
(in  dynes)  it  exerts  on  a  unit  pole  when  the  two  are  placed 
one  centimetre  apart.  It  may  further  be  shewn  by  ex- 
periment that  the  force  exerted  by  any  two  poles  on  one 
another  is  directly  proportional  to  the  pole  strength  of  each. 
We  have  then  this  law :  The  force  (in  dynes)  between  two 
poles  is  measured  by  the  product  of  the  pole  strengths 
divided  by  the  square  of  the  distance  (in  centimetres)  between 
them. 

_  m  x  m 

~~dT' 

We  have  here  said  nothing  about  the  medium  in  which  the 
poles  are  placed  :  strictly  speaking  they  should  be  in  vac  no 
but  the  results  are  not  appreciably  altered  if  as  is  usual  the 
medium  is  air. 

5.  Strength   of  Field.     The   space   round   a   magnet 
throu.irhnut    which  its  influence  is  appreciable  and  can   be 
detected  by  a  compass  needle  or  other  means  is  called  the 
field.    The  strength  of  a  field  at  any  point  is  measured  by 
the  force  in  dynes  that  would  be  exerted  on  a  unit  North 


pole  if  it  wore  placed  -at  that  point:  the  unit  is  the  gauss, 
thus  at  a  distance  of  5  cm.  from  a  pole  of  strength  200  the 
strength  of  t  he  field  is  200  x  l  .v.  i.e.  8  gausses.  The  strength 
of  the  field  is  also  spoken  of  as  the  intensity  offidd  or  flu 


6.  The  Earth's  Magnetic  Field.     The   earth    has  a 
magnetic  field,  the  intensity  and  direction  of  which  are  dif- 
ferent in  different  places.     In  England  the  field  is  northerly 
and  inclined  to  the  horizontal  at  an  angle  of  about  67  degrees. 
An   ordinary  compass,  by  the  direction  in  which  it  points, 
shews  that  this  field  is  northerly  :  it  fails  to  shew  that  the 
field  is  not  horizontal  because  it  is  so  mounted  that  it  can 
only  swiim  round  in  a  horizontal  plane.     If  it  were  free  to 
tilt  it  would  point  with  its  North  pole  downwards  at  about 
87  degrees. 

Consider  now  a  North  pole  of  unit  strength.  H=  -is 

In  Kngland  this  will  be  pulled  northerly  and 
downwards  by  a  force  of  about  half  a  dyne. 
I  {»•-•>!  ve  this  force  into  two  components;  the 
one  vertieally  downwards,  the  other  horizontal 
and  North.  The  latter  is  called  the  horizontal 
component  of  the  Karth's  magnetic  field  :  it  is 
usually  denoted  by  the  symbol  H:  its  value  v=.43  1—47 
in  London  i>  about  '!!!()  dyne.  It  is  this 
horizontal  component  that  regulates  the  be- 
haviour of  a  compass  needle:  the  vertical  component  has  no 

rllrrt    Upon  it. 

7.  Lines  of  Force.      If  a  bar  magnet  be  laid  on  a  table 
and  be  covered  with  a  card  on  which  iron  filings  are  sprinkled, 
a    fe\s    -entle  tap>   will   eaii-e   the  filings  to  raii^e  them>el\e> 
in  chain-  joinm-   the  t\\n  pole-  t  one  t  her:  see  the  plato  at 
tin-  end  of  the  book.     Thoe  chain-  mark  out  what  are  called 
lines  of  force.      We  max    define  a  line  of  force  as  the  cour-e 
that     \\uiild    be    traced    out    by    a    North    pole,    free    to   move. 
under  the  influence  of  the  magnetic   force.      The   tangent  to 
-uch  a   line  at   any   point    i>  in   the  direction  of  the  re-nllant 
maunetic  force. 

8.  Resultant  Field.     The  magnetic  force  at  a  point  is 
often  the  resultant  of  two  or  more  components.      The  case  is 

1—  2 


important  in  which  we  have  to  find  the  direction  of  the 
resultant  of  (1)  the  Karth's  horizontal  component,  H,  (2)  a 
hori/ontal  force  F  artin.ir  Kast  or  West.  To  do  this  draw 
from  a  point  ' >  a  line  < >A  to  represent  H  in  magnitude  ;  and 


Fig.  2. 

another  OB  to  represent  F.  OB  will  of  course  be  at  right 
an  des  to  OA.  Complete  the  \  tarallelogram  OACB.  Then 
the  line  OC  gives  the  direction  of  the  resultant  magnetic 
force.  A  compass  needle  placed  at  O  would  point  along  OC. 
It  would  be  deflected  from  the  North  through  the  angle 
AOC. 

AC     OB     F 


hence 


The  angle  AOC  is  frequently  denoted  by 

F  =  H  tan  S. 


CHAPTER    I 


ACTION   OF   CUKUKM    AND   POLE 

9.  Cells  and  Batteries.  In  these  days  everybody  is 
familiar  with  some  of  the  uses  of  electricity.  In  all  large 
towns  lamps  are  lighted  by  electricity,  workshops  and  trams 
are  driven  by  it.  The  source  of  supply  in  such  cases  is 
n-ually  a  dynamo  driven  by  steam  or  water.  In  telegraphy. 
telephony  and  for  ringing  bells,  cells,  or  batteries  of  cells, 
are  generally  employed.  In  a  physical  laboratory  it  is 
probable  that  there  is  an  electric  light  installation  in  con- 
nection with  the  town  mains  and  this  will  often  be  a 
convenience.  For  many  experiments  however  we  still  prefer 
t<>  u-e  cells  of  some  kind. 

Kvery  cell  has  two  poles,  generally  of  different  materi a N. 
In  a  Daniell  they  are  copper  and  zinc,  in  a  Leclanche  they 

<-arbon  and  xinc  :  in  a  storage  cell  (or  accumulator)  we 
have  two  lead  grid>  containing  pastes  of  different  materials. 
In  any  cell  one  of  the  poles  is  called  positive  (+),  the  other 
me  <-).  In  a  storage  cell  the  negative  pole  is  often 
painted  Mack,  the  positive  red  :  the  positive  plate  contains  a 
chocolate  coloured  paste. 


ral  cell-  max    hr  grouped  together  to  form  a    batterx. 
If  tin-  cell-  n-ed    with   the    •   of  one  joined  to  the 

"f  the  ne\i,  as  in  fig.  .'1,  they  are  said  to  be  in  series.     ThU 
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i>  a  HMial  method  it'  wo  want  to  drive  a  big  current  through 
a  large  resistance. 

It  the  rolls  are  joined  up  by  connecting  up  all  the  positive 
poles  together,  and  all  the  negative  together,  they  are  said  to 
IK  in  parallel,  or  abreast,  or  in  multiple  arc.  Fig.  4  is  a 
diagram  of  a  battery  of  three  cells  abreast.  We  shall  discuss 
later  other  ways  of  joining  up  batteries. 


Fig.  4. 

The  names  positive  and  negative  have  been  given  quite 
arbitrarily  ;  it  would  have  done  just  as  well  if  the  zinc 
had  been  regarded  as  positive  and  the  copper  or  carbon 
as  negative. 

If  the  poles  of  a  cell  are  joined  by  wire,  some  things 
happen  in  the  wire  itself,  other  things  happen  in  the  neigh- 
bourhood of  the  wire  outside  it :  and  the  wire  is  said  to  carry 
a  current  of  electricity.  We  do  not  know 
what  a  current  of  electricity  is,  and  we  do  not 
know  in  which  direction  it  goes,  but  for  con- 
venience  we  always  talk  of  it  as  if  electricity 
passed  along  the  wire  from  the  positive  pole 
to  the  negative  putside  the  cell :  and  as  elec- 
tricity always  flows  in  a  complete  unbroken 
circuit,  it  follows  that  we  must  regard  it  as 
passing  from  the  negative  to  the  positive 
inside  the  cell  itself  (fig.  :> ). 

1O.     Oersted's  Experiment.      We  owe 
to   Oersted    the    discovery   of  the   magnetic 


Fig.   5. 


effects  of  a  current  of  electricity.     In  1819  he  placed  a  wire 


Fig.  6. 


joining  tlie  two  poles  of  a  cell  over  a  compass  needle.  He 
ton  IK  I  that  the  needle  was  deflected.  To  repeat  his  ex- 
periment place  a  compass  on  the  table,  stretch  a  wire 
over  the  needle  and  parallel  to  it,  join  the  South  end  of 
the  wire  to  the  positive  pole  of  a  cell,  the  North  end  to  the 
negative  pole.  The  current  now  passes 
over  the  coiupass  from  South  to  Xorth. 
The  needle  is  deflected  and  you  will 
see  that  the  Xorth  pole  points  some- 
where between  North  and  West. 

Repeat  the  experiment  with  the 
current  reversed  ;  also  with  the  wire 
below  the  compass  needle  and  the 
current  in  each  direction.  Double  the 
wire  on  itself  and  find  what  effect  the 
current  in  the  doubled  wire  has  on  the 
needle. 

Make  a  coil  of  three  or  four  turns 
of  wire  :  hold  it  in  the  meridian  and  place  a  compass  needle 
in  the  centre.  .loin  up  the  ends  of  the  wire  to  the  poles 
of  the  cell  and  note  the  effect  on  the  needle.  Such  a  coil 
of  wire  with  a  compass  at  the  centre  makes  a  simple  galva- 
nometer :  it  detects  run-cuts  and  shews  their  direction. 

The  results  of  these  experiments  give  the  following  simple 
rule  tor  finding  in  which  direction  a  coin] KISS  needle  tends  to 
point  when  under  the  influence  of  a  current.  Imagine  that 
you  are  swimming  parallel  to  the  current  and  facing  the 
conductor:  it  you  stretch  out  your  arms  at  rii^lit  angles  to 
your  body,  the  riirlit  arm  points  in  the  direction  in  which  the 
North  pole  of  a  compass  (situated  between  yourself  and  the 
conductor)  tends  to  point. 

It'  a  current  flows  in  a  Mraiuht  conductor,  a  coinpa-s 
needle  iii  it-  neighbourhood  would  always  be  at  riirht  angles 
to  it  if  it  were  unacted  on  b\  an\  other  force.  This  is  not 
often  the  case  tor  there  is  nearly  always  a  magnetic  field  due 
to  the  earth.  Thu>  in  the  first  part  of  the  experiment 
described  above,  the  current  tend-  to  make  the  needle  point 
WeM.  the  earth  tend-  to  make  it  point  North.  The  direction 
in  \\hich  it  actually  does  point  i-  one  between  North  and 
\\  eel  :  it  i-  the  direction  of  the  re-ultant  of  the  two  forces. 
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11.  Lines  of  Force.  The  nature  of  the  field  round  an 
ordinary  bar  magnet  can  he  investigated  by  sprinkling  iron 
tilings  Oil  a  sheet  of  cardboard:  \ve  may  use  the  same  method 

~iir\e\inir  tlie  magnetic  field  round  a  eurrent.  Take  a 
simple  ease.  Arrange  a  stout  vertical  wire  to  pass  through 
tin'  middle  of  a  hori/ontal  sheet  of  cardboard.  Pass  a  strong 
eurrent  through  the  vertical  wire:  this  may  conveniently  be 
done  1»\  joining  up  a  few  cells  in  parallel.  Sprinkle  iron 
filinirs  on  the  cardboard  and  tap  gently.  The  filings  will 
arrange  themselves  in  circular  rings  round  the  wire  (fig.  7). 


Fig.  7. 

The  lines  of  magnetic  force  then  due  to  a  current  in  a  straight 
conductor  are  circles  with  their  centres  in  the  conductor. 
Now  lines  of  force  are  the  paths  that  the  North  pole  of  a 
compass  would  trace  if  allowed  to  move  slowly  from  point  to 
point.  Hence  if  we  could  imagine  we  had  a  North  pole  all  by 
itself,  it  would  travel  round  and  round  a  straight  conductor  in 
a  circle.  The  direction  in  which  it  would  trace  the  circle  is 
shewn  by  fig.  R  We  call  this  the  right  hand  screw  direction  : 
it  is  the  direction  in  which  a  corkscrew  rotates  when  it  is 
being  screwed  forward  in  the  direction  of  the  current.  The 
South  pole  of  a  compass  needle  tends  to  travel  in  exactly 
tin-  reverse  way.  Suppose  we  think  about  the  forces  on  the 
two  poles  of  a  compass  needle  due  to  a  current  flowing  due 
North  in  a  horizontal  conductor  held  directly  above.  The 
corkscrew  nile  tell<  us  that  the  force  on  the  North  pole  will 
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be  due  West,  that  on  the  South  pole  due  East.  Hence  the 
n.mpass  has  a  tendency  to  point  at  right  angles  to  the  earth's 
magnetic  meridian,  the  North  pole  towards  the  West  This 
result  has  already  been  obtained. 


Current 


r  ^ 


Fig.  8. 


The  lines  of  force  considered  so  far  have  been  supposed 

to  he  due  to  the  current  only.  If  we  add  on  the  earth's  field 
of  force  the  lines  will  no  longer  be  circular.  The  combination 
of  the  two  -i\e>  11-  fig.  10.  Here  the  shaded  part  is  supposed 
to  be  a  section  of  the  conductor.  The  +  mark  on  the  section 
of  a  conductor  indicates  that  the  current  is  --ohi--  down 
through  the'  paper  :  think  of  it  as  the  feathered  tail  of  a 
retreat im:  arrow.  To  indicate  a  current  coining  up  through 
the  paper  we  mark  the  section  with  a  •,  the  point  of  an 
advancing  arrow. 

Tin-  li-ure  cannot  be  obtained  by  means  of  iron  lil in--  : 
the  method  i>  not  delicate  enough,  except  for  place-  <|iiite 
dOM  t"  the  conductor.  A  convenient  way  to  trace  such  a 
figure  i-  b\  mean-  of  a  small  compass  needle.  Lay  thi- 
an\  \shere  on  the  card  and  make  a  dot  under  each  pole.  N«»N\ 
move  the  compass  to  such  a  position  that  the  South  pole  i- 
\\here  the  North  pole  was  :  put  another  dot  under  the  North 
pole  in  its  ne\\  position  and  move  the  compass  on  again. 
You  <ret  in  this  way  a  series  of  dots  which  are  to  be  joined 
up  to  -i\c  ;.  line  of  force.  Trace  several  other-  l.\  -elect  in-- 
new Martini:  point-.  There  are  other  cases  in  which  a 
kno\sledi:c  of  the  lines  of  force  in  a  field  is  of  great  im 
of  these  will  be  discussed  later;  the  cases 
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already  described  have  been  selected  to  render  you  familiar 
\\itli  tin*  idea  that  there  is  a  sort  of  magnetic  whirl  round 
every  current. 


Fig.  10. 

12.  Rotation  of  magnets.  If  we  could  get  an  isolated 
pole  we  should  expect  it  to  circle  round  and  round  the  current 
in  a  conductor  :  in  this  way  we  should  get  a  simple  motor. 
It  is  however  impossible  to  get  one  pole  all  by  itself  so  we 
have  to  adopt  some  device  to  neutralise  the  effect  of  the 
other  if  we  wish  to  produce  rotation. 

A  simple  arrangement  is  shewn  in  fig.  11.  Here  two 
magnets,  SN,  8N,  are  hung  by  a  fibre  F  attached  to  a  hook 
H.  They  are  connected  together  by  the  conducting  bar  BE 
at  the  ends  of  which  are  spikes  dipping  into  the  circular 
trough  (A A)  of  mercury.  The  cup  C  also  contains  mercury 
and  is  connected  to  the  bar  BB  by  the  straight  wire  D. 


mi 


11 


Now  if  a  current  is  passed  into  C  up  Z>,  through  the  bar  BB 
into  the  channel  .1.4,  the  suspended  magnets  will  rotate 
round  the  vertical  axi-. 
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Fig.  12. 

Fig.  11. 

13.     Action  on  Conductors.     A  current  exerts  a]  force 
on  a  magnetic  pole:  to  this  action  we  expect  some  sort  of 

linn  :   \ve  expect  that  a  in 
netic   pole  exerts  a  force  on  a 

conductor  carrying  a  current. 
^uppose  .l//(fitf.  1-J)  is  a  verti- 
cal wire  in  which  a  current  is 
flowing  upwards,  and  tliat-Y/Si  is 
a  hori/ontal  liar  magnet.  Now 
if  the  wire  i-  fixed  and  the 
magnet  free  t<»  move,  as  it  is  in  the  case  of  a  compass 
the  cork-crew  rule  tells  us  that  the  North  pole  .V  will  he.i^in 
to  move  awa\  from  u>.  down  into  the  paper.  If  however  the 
magnet  i-  fixed  and  the  \\irc  free,  the  wire  \\ill  Ix-Liin  to  come 
toward-  ii-  under  a  force  exacth  e<|iial  in  magnitude  hut 
opposite  in  direction  to  that  exerted  by  the  current  on  the 
pole.  If  a  -econd  ma-net  //>  i-  placed  as  in  the  figure  the 
ellect  on  the  wire  will  l»e  increased.  The  experiment  may 
ea-il\  l>e  performed  1>\  pa  — in--  a  current  through  a  flexible 
win-  -u-peiided  Ixitween  the  pole-  of  an  electromagnet. 
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14.  Barlow's  Wheel  (ti«r.  l.'i)  is  a  simple  application  of 
thi>.  Tlu'  rim  of  tlic  wheel  IT  ura/.t^  the  surface  of  the  mercury 
M  in  a  little  cup.  The  wheel  can  rotate  on  a  horixontal  axis 
.1.1  Mipp«»rtcd  on  hearing  (not  shewn).  On  opposite  sides 
of  the  lower  part  of  the  wheel  arc  placed  unlike  magnetic 
IM>IC-  A  ^  a  current  led  up  from  the  mercury  between  the 
poK->  A".  N  and  taken  off  from  the  axis  cau>es  the  wlieel  to 
turn.  The  wheel  is  generally  made  stellate  but  this  form  is 
not  neces>ar\. 


Fig.  13.  Fig.  14. 

15.  A  simple  motor.  ABCD  (fig.  14)  is  a  bent  wire 
placed  between  the  poles  N,  S.  By  the  reasoning  given 
above  we  see  that  the  current  flowing  along  AB  tends  to 
make  AB  move  upwards  out  of  the  paper.  The  current  in 
CD  is  in  the  opposite  direction,  so  that  CD  tends  to  move 
down  into  the  paper.  Hence  if  the  wire  is  free  to  move  it  will 
begin  to  rotate  round  the  dotted  line.  The  next  diagram 


Fig.  15. 


(fig.  l.'i  i  >hcws  how  this  may  be  done  quite  simply.     Pins  A  A 
drm-n  into  the  centres  of  the  faces  of  a  bottle  cork. 


>V///y//r  Motor 
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The>e  project  ^  inch  and  form  an  axle.  I'-shaped  grooves 
VV  are  cut  in  the  surface.  on  opposite  sides,  parallel  to  the 
a\i-.  Into  one  end  two  pins  PP  arc  driven  projecting  J  inch. 
Insulated  wire  (about  No.  Hi  is  now  wrapped  round  and 
round  the  cork,  lengthwise,  till  the  grooves  FFare  filled  up: 
the  bared  ends  of  this  wire  are  connected  to  the  pins  PP. 
The  whole  may  now  be  supported  as  in  fig.  1(1  with  the  axle 


it'.. 

hnri/mital,  on  four  laruv  pins,  two  at  each  end  crossed  at 

rinht  ani:h>  The  pins  J.I   rest  in  the  angles  formed 

at  the  inter-eel  inn. 

A  current   i>  led  up  a  thin  springy  piece  of  copper  wire  //• 

which  re-t>  liirhth  a-ain-t  /':   it  then  pa>ses  round  and  round 

«-nrk:    and    tinally    lca\e-    b\    .1    second    wire    /'•'.      The 

cni'k      i-     plaeed     bet  \Nee||      the      ]»(>le-     of     a     large      lmr-e-hne 

net     The  current   from  a  sin-le  cell  will  run  thi^  >imple 

motor. 

16.     Luminous  discharge.      If  a  current   <>f  electricity 
to  passed  through  a  vacuum  tube  by  means  of  an  inductinu 


14 


///'  ( 'nrr,  nt  (iitt/  Pole 


o»il.  the  gas  will  glow.  The  tube  may  be  so  constructed 
that  the  pole  of  a  magnet  can  be  inserted  into  it.  The 
rotation  of  the  luminous  condurtinu  gas  can  be  seen  in  this 

\\a\. 


Fig.  17. 


EXAMPLES  I 


1.  Draw  a  diagram  to  shew  two  cells  joined  in  parallel  arranged  to 
ring  a  bell. 

2.  Draw  a  diagram  of  four  cells  joined  in  series  arranged  to  light  a 
lamp. 

3.  Describe  with  diagrams  the  effects  of  currents  in  straight  horizontal 
ii  :i  compass  needle. 

4.  In  what  ways  is  it  possible  to  find  in  which  direction  the  current 
in  a  wire  is  flowing  ? 

5.  A  coil  of  wire  is  laid  on  the  table  and  a  current  pas>cs  round  it 
do, -kui-e.     OompftM  needles  are  placed  over  the  \\ire  at  different  points. 

by  a  diagram  the  directions  in  which  they  will  point. 

6.  A  loose  flexible-  wire  han-s  vertically  between  the  poles  of  a  strong 
-hoc  magnet,  the  ],l;,ne  ,,f  \\hich  is  hori/ontal.     How  will  the  win-  be 
<  d  it  a  current  is  passed  down  ii 

7.  A    current    flo\v>  down  a  vertical  wire  held  a  little  due  East  of  a 
coinpa»  needle.     Shew  the  direction  of  the  forces  acting  on  each  pole. 
Will  tl 


Examples  15 

8.  A  loose  flexiMe  wire  hangs  vertically  in  the  earth'*  field.     Is  there 
any  tendency  for  it  to  move  when  a  current  passes  down  it? 

9.  A  liar  magnet  lies  on  the  >cale-pan  of  a  halance.      rnderneatli  the 
pan.  at  right  angles  to  the  magnet,  is  a  wire  which  carrio  a  current.     Shew 

iiairram  the  action  of  the  current  on  each  pole.     Will  the  current  alter 
the  apparent  weight  of  the  magnet  .' 

10.  The  keeper  of  a  liorseshoe  magnet  is  hinged  freely  to  the  magnet  at 
one  pole.     Through  the  l>end  of  the  horseshoe  at  right  angles  to  the  a\i- 
passes  a  wire  carrying  a  current.     Can  thi>  current  produce  any  etlect  on 
the  keeper?     If  so,  suggest  an  arrangement  l»y  which  a  current  might  he 
measured. 


CHAPTER    II 


ELECTROLYSIS 

17.  In  the  last  chapter  we  considered  some  of  the 
effects  that  were  produced  in  the  space  surrounding  a  con- 
ductor conveying  a  current.  We  are  now  going  to  study  the 
action  of  a  current  in  the  conductor  itself.  If  the  conductor 
is  a  metal  the  action  is  not  very  marked  :  the  conductor  gets 
wanned  but  its  state  does  not  seem  to  be  altered  in  other 
re>pects.  In  the  case  of  a  liquid  conductor  the  current 
generally  produces  chemical  change.  The  only  liquids  we 
shall  deal  with  are  solutions  in  water.  Water  itself  and 
nearly  all  liquids  except  solutions  (e.g.  oil,  alcohol,  tur- 
pentine, sulphuric  acid)  seem  to  have  little  or  no  power  of 
conducting  electricity. 

To  study  the  action  of  a  current  on  a  solution  we  must 
have  two  conductors  dipping  into  the  solution  :  these  are 
called  electrodes.  The  electrode  by  which  the  current  enters 


Fig.  18. 
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i>  called  the  nmn/t-.  that  by  which  it  leaves  is  called  the 
k<ttlnnh'.  The  electrodes  are  often  of  platinum  but  in  some 
-  may  be  of  other  metals  or  of  carbon.  The  vessel  in 
which  the  solution  is  held  is  called  a  voltameter.  A  con- 
venient form  of  voltameter  for  some  experiments  is  shewn  in 
tin  IK.  It  consists  of  a  glass  U  tube  to  hold  the  solution. 
In  each  arm  is  a  leaf  of  platinum  connected  to  a  wire. 

18.  Electrolysis  of  Potassium  Iodide.     Take  a  volta- 
meter   with    platinum    electrodes    and   put  in   it  a  dilute 
>olution  of  potassium  iodide.     Connect  up  to  a  battery  of 
two  or  three  cells.     Notice  carefully  the  action  that  takes 
place  at  cadi  electrode.    After  the  current  has  been  stopped, 
look  at  the  platinums  and  see  if  they  have  been  affected  in 
any  wax. 

The  dark  deposit  that  formed  round  the  anode  was  iodine : 
it  can  easily  be  tested  by  starch  coloration.  The  gas  that 
buhbled  off  from  the  kathode  was  hydrogen.  If  sufficient 
can  be  collected  it  should  be  tested.  The  action  that  has 
taken  place  appears  to  be 

(  1  )  the  removal  of  the  iodine  from  the  potassium  :  the 
iodine  appears  at  the  anode; 

the  potassium   deprived   of   its  partner   unites   with 
the  water  to  form  potassium  hydroxide  and  hydrogen. 

Anode  Kathode  In  solution 

i>KI  +  2H20  =  Ia+    H,  +  2KOH 

The  decomposition  of  a  solution  by  a  current  of  electricity  is 

called  <ln-t  ml  ii*;*. 

19.  Electrolysis  of  Sodium  Sulphate.      I'sc  a    Hoff- 
mann'.- voltameter  with   platinum   terminals,  ti^.    \\).     ( 'oloiir 
the  -olution  with  a  little  litmus.     Notice  the  action  at  each 
electrode.      Collect  t  lie  Leases  and  test  t  hem.      After  t  he  act  ion 
ha-   l)eeii   -"'MIL:   on  tor  a  little  time,  allow  the  gases  to  escape 
and  reverse  the  current.      Notice  hou  the  coloration  changes. 
At    the    end    of  the   experiment    mix    the    liquid-    round    the 
electrodes   together. 

The  reaction-  in  tin-  experiment  are  exactly  similar  to 
those  in  the  electrol\-i-  of  p<»ta>siuiii  iodide.  The  sodium 
-ulphate  V.  8OJ  -<'in8  to  be  separated  out  into  t\\»» 
portion.,  .ndium  which  we  know  and  can  isolate,  and  the 
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>ulphate  group  (SO^  knuwn  as  sulphion  whieh  we  cannot 
isolate.  The  sodium  is  of  course  nut  uiven  up  in  the  metallic 
form  at  the  kathode.  It  acts  on  the  water,  hydrogen  is 
liberated  and  sodium  hydroxide  is  formed  round  the  kathode: 
it  is  this  sodium  hydroxide  which  gives  the  blue  coloration  to 
the  litmus.  There  is  also  a  chemical  action  round  the  anode: 
the  sulphion  and  water  together  give  rise  to  oxygen  and 
sulphuric  acid  which  turns  the  litmus  red  ;  the  oxygen 
bubbles  oh4'  from  the  platinum  anode. 


Fig.  19. 

When  a  substance  is  split  up  by  a  current,  the  components 
are  called  ions.  That  which  appears  at  the  anode  is  called 
the  anion ;  that  at  the  kathode  is  the  kation.  In  the  last 
experiment  the  ions  were  sulphion  and  sodium ;  the  sulphion 
was  the  anion,  the  sodium  the  kation.  The  original  solution 
is  termed  the  electrolyte. 

When  the  two  portions  of  the  liquid  are  mixed  together 
the  sodium  hydroxide  acts  on  the  sulphuric  acid  and  so 
returns  to  us  sodium  sulphate  and  water.  The  total  result 
i>  t  hat  some  of  the  water  has  been  decomposed  into  hydrogen 
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and  oxviren.  There  is  exactly  the  same  quantity  of  the 
sodium  sulphate  as  before.  What  we  have  effected  is  the 
electrolysis  of  water  :  this  electrolysis  however  cannot  take 
place  unless  there  is  some  substance  dissolved  iu  the  water. 


2Na  +  2H,0  =  2NaOH  +  H2, 
2S04  +  2H20  =  2H2S04  +  0,, 
H2S04  =  Xa,S04  +  H20. 

20.  Pole-Testing  Paper.     Take  a  dilute  solution  of 
sodium  sulphate  and  add  to  it  a  little  phenolphthaleiu.     Use 
the  mixture  to  moisten  a  piece  of  absorbent  paper.     Now 
touch  one  part  of  the  paper  with  a  wire  from  the  positive 
pole  of  a  cell  and  another  part  with  a  wire  from  the  negative. 
The  spot  touched  with  the  negative  wire  will  be  turned  a  bright 
r«-d.     The  reason  of  this  is  that  sodium  hydroxide  is  formed 
round  the  kathode.     Any  alkali  turns  phenolphthalein  red. 

21.  Electrolysis  of  dilute   sulphuric  acid.     Do  this 

with  a  irraduated  Hoffmann's  voltameter.     Notice  the  gases 
at  each  electrode  and  test  them.     Note  the  volumes. 

22.  Electrolysis  of  copper  sulphate.     What   would 
you  expeet  it'  platinum  electrodes  are  used?    Do  the  experi- 
ment to  test  your  answer. 

Next  set  up  a  copper  voltameter.  To  do  this  take  two 
plates  of  copper  with  terminals  attached  to  them  and  let 
them  stand  in  a  vessel  containing  a  solution  of  copper 
>nlphate.  They  must  be  clean  before  the  experiment  lu^in-. 
The  cm-rent  niu-t  pass  for  some  time  before  you  eau  see  what 

ha-  happened. 

In  the  electn>l\-i-  of  copper  -ulphate,  we  have  two  ion-  : 
copper  and  sulphinu.  Whatever  the  nature  of  the  electrodes 
k  copper  will  he  deposited  on  the  kathode.  It'  the  anode  is 
platinum  the  siilphion  in  conjunction  with  the  water  produces 
1  1  id  Sulphuric  aCld.  The  copper  of  the  copper  -ulphat  e 
i-  therefore  gradual  I  \  reiim\rd  from  the  solution  and  deposited 
"li  the  kathode.  The  -olution  IM,  .....  efl  paler  a-  t  he  Copper 
sulphate  is  ^radualh  replaced  l»\  -ulphuric  acid.  lfho\\e\er 
the  anode  i-  of  copper,  the  >iilphion  unite-  with  it  and  form- 
copper  -ulplrite.  Hence  as  a  result  of  the  passage  <»f  the 
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runvnt  we  iret  copper  dissolved  off'  the  anode  and  exactly 
the  same  amount  deposited  on  the  kathode.  If  the  anode 
were  of  copper  and  the  kathode  of  platinum  or  carbon,  the 
runvnt  would  convey  copper  from  one  to  the  other  so  that 
the  kathode  would  l>e  copper  plated.  Silver  plating  is  done 
h\  usini:  a  silver  anode  and  a  solution  of  silver  salt  (nitrate 
or  cyauide)  as  electrolyte :  the  article  to  be  plated  is  the 
kathode. 

23.  Change  in  concentration.     In  the  electrolysis  of 
copper  sulphate  and  of  other  electrolytes  certain  changes  in 
the  -olution  take  place  which  are  not  readily 

<  >1  »erved  in  the  ordinary  voltameter.  To  shew 
this  take  a  long  wide  glass  tube  ;  fit  it  with 
a  cork  at  each  end.  Pierce  the  corks  and 
pass  through  them  thick  copper  wires  to  serve 
as  electrodes.  The  tube  must  be  held  vertical 
in  a  clamp  and  filled  to  such  a  depth  with 
copper  sulphate  solution  that  the  upper  wire 
dips  right  into  it.  Now  pass  a  current  up 
the  tube  so  that  the  lower  end  is  the  anode. 
You  will  find  that  changes  take  place  in  the 
colour  and  density  of  the  solution.  Of  course 
on  the  whole  there  is  no  change  in  the  total 
quantity  of  the  copper  sulphate  solution,  but 
as  the  current  passes  the  concentration  be- 
comes greater  near  the  anode  but  less  near  the  kathode  to 
a  corresponding  extent.  Liquid  diffusion  prevents  all  the 
salt  from  accumulating  round  the  anode  and  leaving  the 
kathode  clear. 

24.  Secondary  cells.     Take  a  pair  of  lead  plates,  say 
Ji  inches  by  2  inches,  and  use  them  as  electrodes  in  an  electro- 
l\tic  cell.     The  electrolyte  is   to   be   dilute  sulphuric  acid. 
Pass  a  current  between  them  for  a  few  minutes,  then  dis- 
connect the  battery  and  join  up  the  terminals  of  the  lead 
plates   to   a   galvanometer.     What  is   the   direction  of  the 
current   now  given  '.     Kxactly  the  same  effect   is   produced 
from    the  platinums  in  a  Hoffmann's   voltameter  after    it 
has    been    used    for    electrolysis    of    water   in    the   ordinary 
way. 


Fig.  20. 


Accumulators  iM 

In  1859  Gustav  Plant^  experimented  with  lead  electrolytic 
celk  trying  to  make  an  accumulator  or  storage  battery.  By 
frequent  dialling — first  in  one  direction  and  then  in  the 
iwei-M •—  he  succeeded  in  "forming"  the  plates:  that  is  to 
-a\  in  bringing  the  surface  to  a  softer  condition  and  so 
enabling  them  to  take  a  much  larger  charge. 

The  modern  accumulator  is  not  made  quite  in  this  way. 
In  some  kinds  the  electrodes  are  lead  grids ;  the  positive 
tilled  with  a  paste  of  red  lead  (Pb304),  the  negative  with  a 
paste  of  litharge  (PbO).  The  electrolyte  is  dilute  sulphuric 
acid.  The  acid  acts  on  the  red  lead  to  form  the  peroxide 
(PbO,)  and  the  sulphate  (PbS04). 

In  the  process  of  changing  the  positive  plate,  which  i-  of 
c(»ni-e  the  anode,  is  further  oxidised  while  the  negative  is  re- 
duced. In  the  discharge  the  action  is  reversed.  Needless  to 
say  there  is  no  actual  storage  of  electricity :  it  is  chemical 
eneriry  that  is  acquired  by  the  charge  and  expended  by  the 
discharge. 

The  actions  are  perhaps  denoted  by  the  equations 
Positive,  PbS04  +  0  +  ILO  i±  H,S04  +  Pb< )  . 
Negative,  PbO  +  2H  ^±  Pb  +  1 1,0. 

The  formation  of  sulphuric  acid  durini;-  the  charge  accounts 
for  the  increase  of  density  of  the  electrolyte  which  may  be 
observed. 

25.     The  chemical  equivalent  of  copper.     It  is  now 

necessan  to  do  -ome  quantitative  work  in  electrol\si>.  We 
will  beirin  by  pa  — in--  a  current  through  two  voltameters 
in  BOriee.  The  fir>t  has  j)latininn  electrodes  in  dilute  sul- 
phuric acid,  the  >rcoiid  has  copper  electrodes  in  a  solution 
of  eoppcr  -idphatr.  >inee  the  voltameters  are  in  series. 
exactly  the  same  current  passes  throiiu.li  each  for  the  same 
time.  The  COpper  kathode  mtlSi  be  \\riuhed  carefulh  before 
and  after  the  ciiri'ent  i>  passed.  The  volume  of  hydrogen 
libenited  at  the  kathode  miM  be  found.  We  can  then  ealcn 
latr  the  \\i-inht.  for  the  density  of  hydrogen  is  •(•'.i^riu.  pel' 
lihv.  Correction  .hniild  ofcoiir>e  be  made  tor  h-mperat  lire, 
pre— ure  and  the  presence  "f  aqiienu-  \ap..iir.  The  ratio  «,f 
the  weight  of  the  copper  deported  to  the  weight  of  the 
h\dro-cii  evolved  give«  n>  \\hat  is  kno\\n  a-  the  chemical 
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equivalent  of  e<>pper.  Calculate  the  value  of  this  from  your 
results.  To  get  good  results  with  a  copper  voltameter 
at trntion  must  be  paid  to  (1)  the  strength  of  current,  (2)  con- 
centration of  the  solution,  (3)  cleaning  and  drying  of  the 
plate. 

(1)  A  suitable  strength  is  1  ampere  for  every  50  sq.  cm. 
of  surface  on  which  copper  is  to  be  deposited.  If  the 
current  is  much  stronger  than  this,  the  deposit  is  not 
coherent. 

Make  the  solution  by  dissolving  300  grins,  of  copper 
sulphate  in  a  litre  of  distilled  water  and  adding  lOc.c.  of  strong 
sulphuric  acid. 

(.'*)  Rub  the  plate  with  a  rag  and  damp  sand  till  the 
surface  is  quite  bright.  Rinse  under  a  tap.  Dry  it  by  first 
laying  it  between  filter  papers  and  then  warming  it  gently 
near  a  fire. 

26.  The  Ampere.     It  is  usual  to  define  the  strength  of 
a  steady  current  by  the  quantity  of  a  metal  deposited  per 
second  by  it.     The  metal  selected  is  silver  which  is  readily 
deposited  in  a  coherent  form  and  does  not  oxidise  quickly. 
The  ampere  is  that  current  which  deposits  silver  at  the  rate 
of  *001 1 18  grm.  per  secoml. 

Now  silver  is  too  expensive  to  work  with  in  a  school 
laboratory  so  that  for  our  purposes  we  shall  use  copper  as 
the  standard.  The  quantity  of  copper  however  will  not  be 
•001118  grm.  but  '00033  grm.  An  ampere  then  is  a  current 
which  deposits  copper  at  the  rate  of  "00033  grm.  per  second. 

27.  To   test   the   readings    of   an    ammeter,    or   to 
standardise  a  galvanometer.     We  shall  do  this  by  passing 
a  current  through  a  copper  voltameter.     Take  a  copper 
voltameter ;   clean  the  plates.    Now  join  up  in  series  with 
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a  constant  lottery  (1)  the  voltameter.  ( -2 >  the  ammeter  or 
iralvanometer.  <:?>  a  variable  resistance  or  rheostat.  A  con- 
venient form  of  rheostat  is  shewn  in  the  diagram,  fig.  iH.  It 
consists  of  wire  spiral  wound  on  a  cylinder  of  slate.  One 
end  is  connected  to  the  terminal  .1.  A  sliding  contact  O  is 
joined  to  the  terminal  It.  The  further  C  is  removed  from  .1 
the  greater  the  effect  in  reducing  the  current.  Adjust  the 
rheostat  till  the  ammeter  gives  a  reading  on  that  part  of  the 
x-alc  at  which  it  i-  required  to  make  a  test.  Let  the  current 
pass  for  a  few  minutes  then  stop  it.  Take  out  the  copper 
plate  which  has  been  the  kathode,  wash  and  dry  it  and  weigh 
carefully.  Replace  it  and  start  the  cm-rent  again.  Make 
a  note  of  the  exact  time  at  which  you  do  this.  The  reading 
of  the  meter  must  he  kept  constant  during  the  whole  of  the 
experiment.  You  can  do  this  by  regulating  the  rheostat. 
The  time  required  depends  on  the  accuracy  with  which  you 
can  wciirh  and  the  strength  of  the  current;  thus  if  the 
current  is  :i  amperes,  you  will  get  an  increase  of  rather  nmre 
than  a  gramme  in  :>o  minutes.  After  sufficient  copper  has  been 
deported  -top  the  current  and  note  the  time.  Remove  the 
kathode  plate,  wash,  dry  and  weigh.  Divide  the  increase  in 
\\ei-ht  in  grammes  by  the  time  in  seconds.  Divide  this 

ii  b\  -uun.'w.  This  gives  the  number  of  amperes  in  the 
current 

28.  Faraday's  Laws.  It  might  be  thought  that  the 
rate  at  which  an  ion  was  deposited  by  a  current  was  not 
directly  proportional  to  the  strength  of  the  current.  Kither 
the  nature  or  the  >i/e  of  the  elect rodes,  the  strength  of  the 
-olution  01-  it-  temperature,  miirht  make  a  difference.  About 
.  I  inaday  made  mam  experiment-  to  find  this  out.  The 
re-ult-  of  hi-  \\ork  are  Dimmed  u|>  in  tin1  statements  known 
as  Faraday's  Laws  of  Klectrolysis. 

i  1  }  The  mass  «.f  an  electrolyte  decomposed  is  proportional 
to  the  <|uantit\  of  elect  ricitx  which  1)88868. 

cj»  The  ma-s  of  an  i<>n  liberated  1>\  the  pa— a  ire  of  a 
definite  o,uantit  \  of  electricity  is  proportional  to  t  lie  chemical 
equivalent  of  the  ion. 

\\  e  may  gather  the  t  \\  o  laws  togethei'  in  the  -tatement 
that  the  ma--  of  an  ion  liberated  per  second  is  to  be  found  b\ 
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multiplying  tin*  product  of  the  strength  of  the  current  and  the 
chemical  equivalent  of  the  ion  by  the  factor  -0000104. 

These  laws  inav  need  a  little  explanation.  Refer  back  to  the 
i- \prri i unit  in  Art.  25.  Here  we  found  that  the  same  current 
depo>ited  :U'5  grms.  of  copper  for  every  gramme  of  hydrogen 
and  for  every  gramme  of  hydrogen  there  are  8  grms.  of  oxygen. 
These  numbers.  :U'."),  8,  are  the  chemical  equivalents  of  copper 
and  oxygen  and  may  be  obtained  without  the  aid  of  electricity 
at  all.  Now  an  ampere  deposits  '00033  grm.  of  copper  per 
second,  or  it  can  liberate  '00033 -H  31*5,  i.e.  '0000104  grm.,  of 
hydrogen  per  second,  or  '000083  (i.e.  8  x  '0000104)  grm.  of 
oxygen  per  sec.  The  numbers  '0000104,  '00033,  '000083  are 
termed  the  electro-chemical  equivalents  of  hydrogen,  copper 
and  oxygen.  They  give  the  number  of  grammes  liberated 
per  second  by  a  current  of  one  ampere :  they  may  be 
obtained  by  multiplying  the  chemical  equivalent  by  '0000104. 

29.  The   coulomb    is   a  quantity    of   electricity.      A 
current  of  a  coulomb  per  second  is  an  ampere.     We  may  say 
then  that  a  coulomb  is  a  quantity  of  electricity  equal  to  an 
ampere-second  or  that  an  ampere  is  a  current  of  a  coulomb 
per  second.     For  every  coulomb  that  passes  through  an  elec- 
trolytic cell  the  electro-chemical  equivalent  of  each  ion  is 
liberated.     Thus   a    coulomb    will    deposit   '00033   grm.   of 
copper,  or  '001 1 18  grm.  of  silver,  or  will  liberate  '0000104  grm. 
of  hydrogen. 

30.  Tangent  Galvanometers.     It  will  be  easily  under- 
stood that  a  meter  after  the  fashion  of  a  voltameter  might  be 
constructed  to  measure  quantities  of  electricity.     Some  forms 
are  on  the  market,  but  they  do  not  seem  to  be  very  common. 
Instruments  which  give  direct  readings  of  currents  in  amperes 
are  called  ammeters.     In  laboratories  however  direct  reading 
in>t  niiiients  are  not  always  required  and  consequently  tangent 
galvanometers  are  often  used.     The  principle  and  construction 
of  these  will  be  described  later.  Meanwhile  it  will  be  sufficient 
to  say  that  the  usual  laboratory  form  consists  of  a  compass 
m-edle  mounted  at  the  centre   of  a  ring  on  which  several 
turns  of  wire  are  wound.     The  plane  of  this  must  be  in  the 
HUM -idian.     The  compass  needle  will   point  North  unless  a 
current  flows  round  the  ring  ;  the  effect  of  the  current  is  to 
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deflect  the  magnet  and  this  deflection  is  measured  on  a 
irraduated  card  by  means  of  a  long  pointer  attached  to  the 
needle  at  right  angles.  When  the  compass  is  Xorth  and 
South  this  pointer  will  be  East  and  West  over  the  zero 
graduation, 

The  deflection  is  dependent  on  (1)  the  number  of  turns  of 
wire.  (2)  the  diameter  of  the  ring,  (3)  the  strength  of  current, 
; length  of  the  Earth's  field. 
When  working  with  them  be  careful  that 
(1)    the  base  is  level, 

when  no  current  is  passing,  the  plane  of  the  coil  con- 
tains the  axis  of  the  compass  needle — i.e.  it  must  be  in  the 
meridian.     The  pointer  should  then  be  at  zero. 
>     no  iron  is  in  the  neighbourhood. 

Galvanometers  have  often  several  windings:  for  instance 
by  connecting  up  to  different  terminals  you  may  be  able  to 
UM  ."•  turns  or  50,  or  .">oo.  The  actual  number  ought  to  be 
marked  on  each  instrument.  For  measuring  big  currents  use 

only  a  few  turns:  for  small  currents  use  a  large  number. 
The  tanirent  '.galvanometer  is  so  called  because  the  tangent 
of  the  deflection  is  proportional  to  the  current  :  hence  the 
amperage  "f  a  current  producing  any  ^iven  deflection  may 
l»c  found  by  multiplying  the  tangent  of  the  deflection  by  a 
certain  (juantity  :  this  multiplier  is  called  the  /v  tliu-finitfttctor. 
Thus,  if  C  denote  a  current  measured  in  amperes  which  gives 
a  deflection  r.  then  C  =/•  tan  8,  where  /•  is  the  reduction  factor. 
To  tind  /.  and  so  standardise  a  galvanometer  it  is  sufficient  to 
pass  a  known  current  through  the  in-trument  and  note  the 
deflection.  Thus  -upp«.-e  a  current  of  -J-;;:',  amperes  gives  a 

deflection    of   •_>'.»  .       Then 

9*83     /  tan-J'J   =kx  •;>:>!. 
/.  jfc-5'1, 

and  the  current  corresponding  to  a  deflection  .VJ 
=  £  tan 
-5*1  x  r:«:i 

=  G7J!  amperes. 

When  the  reduction  factor  on  a  iralvaiioineter  IS  once 
found  with  accuracy  it  will  be  useful  to  plot  a  curve  connecting 
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deflection  with  amperage.  Such  a  curve  is  shewn  in  fig.  22 
for  tlio  particular  example  Driven  :  the  values  have  been 
calculated  from  tables  of  tangents.  Or  a  simple  graphic 
method  would  do.  Draw  a  ri.nht  angled  triangle  AOD  (fig.  23) 
on  any  convenient  scale  sueh  that  the  angle  AOD  is  equal  to 
the  deflection  corresponding  to  a  known  current  in  amperes. 
In  this  particular  case  we  iniirht  draw  AD  of  length  2'83cm. 
to  correspond  to  the  current  of  2*83  amperes  which  produces 
a  deflection  of  29°.  Draw  the  quadrant  AB  and  mark  off 
along  it  the  degrees. 
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Then  the  current  which  corresponds  to  any  other  deflection 
(say  53°)  can  be  found  by  measuring  the  intercept  EA  made 
on  AD  by  the  radius  inclined  at  53°  to  OA. 

No  reliance  can  be  placed  on  values  calculated  from  de- 
flections in  the  neighbourhood  of  0°  or  90° ;  for  very  small 
mi-take-  in  reading  such  angles  give  rise  to  serious  errors. 
Thus  tan  82°  differs  from  tan  83°  by  14  %,  and  tan  3°  differs 
from  tan  4°  by  about  34  %>  but  tan  45°  differs  from  tan  46°  by 

only  3*%. 
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31.  To  standardise  a  galvanometer  to  measure 
amperes.  Find  tlie  reduction  factor  in  one  of  the  following 
ways  : 

"0    by  deposition  of  copper,  see  Art.  27, 

•  />  •     1>\  calculation  from  the  formula  of  Art.  90, 

(c)  l»v  an  accurate  ammeter.  Take  a  cell  or  battery 
of  cells,  a  rheostat  (or  set  of  resistances),  and  join  up  in  series 
with  an  ammeter  and  galvanometer.  Find  the  current  which 
produces  a  deflection  of  about  45°.  Then  as  in  Art.  30  draw 
up  a  graph  to  connect  deflection  and  current. 

EXAMPLES*  II 

1.  What  actions  take  place  when  a  current  is  pa—ed  through  a  volta- 
meter with  silver  electrodes  filled  with  a  solution  of  silver  nitrate? 

2.  A    current    of    -7">    ampere    Hows    Ketween    two    plates    of    copper 
immer-ed  in  a  solution  of  copper  sulphate.      What  changes  take  place  in 
five  minutes? 

3.  Calculate  the  nuniKer  of  ampere-hours  required  t«>  ol.tain  .">  kg.  of 

trotysfa. 

4.  When   haw  tir-t  obtained  p.-ta  — iuni  he  was  not  absolutely  certain 
that  it  came  from  the  caustic  pota-h  :   it  inijjht  havccome  iVom  the  electrode- 

ii  from  the  air.     ('an  you  suirirot  any  experiments  he  made     orniL'ht 
to  tot  thi-  point  ! 

5.  In  the  electrol\-i>  of  water  it  i-  found  that  the  volume  of  hydrogen 
obtained  is  not  exactly  doul-le  that  <>f  "\y-en.      What   causes  could  account 

for  \\, 

6.  I  Minn-    an    experiment    made    with    a    copper   voltameter   to    find 
whether  an  aiiiiiH  tei'  wa.s  correctly  -raduated  or  not.  the  following  reading 

the  end   of  mooenive  minutes:     2  .-"»-.  -J'JI.  L'--ll, 

•_•  n.  2  »"  2  i"    •  M".  W9, 

Tin-  actual   \\ei-ht    of  cupper  dep.  ->i  ted    \\;,x   -.-,711  -j  -,-„,. 

What    ua>  the  .|iiaiitit\    of  electricity    \\hieh    passed    through    the    volt. i 
\\li.it  \\  ,i~  the  average  current  '     \N"as  t he  ammeter  correct  ? 

7.  A    tali-cut    -al\an..metc  .  .'      \\Jth    a    current    of   -jr,    am; 
What                      "-ducti'in     factor-       \\hat      current      Would     -ive     douhle     this 

•  loll    ' 

8.  The    reduction    factor  ||    ^7.      What    current 

produce  detle.  (|,,i,>  of   )O  ,   •_><  I SO     '     |  »ra  \\    a   .  -line   t..  connect    deflection 

with  current. 

*  Answers  to  examples  are  based  on  data  in  tables  at  the  end  of  the  book. 
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9.  Find  the  current  from  tin-  following  readings:   Weight  of  copper 
kathode  s.vn-_>  Drills.  U-fore  ;  86*18  gnus,  after.    The  current  was  kept  steady 

for  I'.i  iniii 

10.  Assuming  the  electro-chemical  equivalent  of  silver  to  be '001 118  grm., 
find  that  of  copper  from  the  following  results  of  an  experiment  in  which 
>ilvcr   and   copper  voltameters   were  joined  in  series:    (Jain  in  weight  of 
>ilver  kathode^  7~>">  UTIM.  :  gain  of  copper  ="2.V2  grin. 

11      A  current   WM  paved  through  a  water  voltameter  and  a  copper 
voltameter  in  series.     The  following  results  were  obtained  : 

Volume  of  hydrogen  (corrected  to  N.  T.  p.)   92'9  c.c. 

Volume  of  oxygen     46'5  c.c. 

.M  a »  i  «f  ei ') >] >er  « le| H  »sited    '265  grm. 

If  the  density  of  hydrogen  is  '0896 grm.  per  litre  and  of  oxygen  sixteen 
times  as  much,  find  the  chemical  equivalents  of  oxygen  and  copper. 

12.  A  current  of  r.">  amperes  flows  through  a  copper  voltameter  with 
platinum  electrodes.     What  substances  are  liberated  and  what  amounts 
per  minute  ? 

13.  How  much  oxygen  is  liberated  per  hour  by  a  current  of  •»  ampere 
flowing  through  a  water  voltameter  ? 

14.  How  many  coulombs  are  required  to  liberate  a  litre  of  hydrogen  ? 

15.  If  a    metal    cylinder  (radius  2  cm.,  length  15  cm.)  were  rotated 
uniformly  so  that  silver  was  plated  evenly  on  its  curved  surface,  find  how 
long  it  would  take  to  plate  the  surface  with  silver  to  a  thickness  of  '01  mm. 
using  a  current  of  1  ampere.     Density  of  silver  10'6  grms.  per  c.c. 

16.  A  metal  plate,  surface  area  200  sq.  cm.,  thickness  1  mm.,  is  plated 
with  the  same  metal  so  as  to  increase  the  volume  1  %•     A  steady  current 
of  rr.  amperes  is  passed  through  for  an  hour  fa  effect  this.     Find  the 
density  of  the  metal  if  its  E.C.E.  is  '00033. 

17.  What  will  be  obtained  at  platinum  electrodes   when  (1)  dilute 
hydrochloric  acid,  (-2)  sodium  chloride  solution,  (3)  silver  nitrate  solution, 
(4)  strong  hydrochloric  acid,  are  electrolysed  ? 
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32.  Mechanical  Units.  In  our  work  -o  far  we  have 
introduced  two  new  units,  tin*  coulomb  and  the  ampere  :  we 
arc  imw  -oiiiu  to  introduce  a  third,  the  IWf.  Before  doinu  BO, 
li«  »\\e\er.  it  inav  IK.*  well  briefly  to  define  a  few  term-  u-ed  in 

Mechanics. 

A  force  is  said  to  do  H'o/7,  when  the  point  of  application 

iuove>  in  tin-  diivetion  of  the  force  :  work  is  measured  by  the 
product  of  the  force  and  the  di-tance  moved  in  the  direction 
of  the  force  Tim-  if  b\  cxertini:  a  vertical  force  of  ]o  \\^.  \\t. 
I  -uccecd  iii  littin.ira  load  throii-h  a  heiu'lit  of  \'2  ft.  the  work 
done  i>  1-JxK)  foot-pounds.  In  Klectricitx.  however,  the-e 
unit-  of  force  and  work  are  not  convenient.  The  unit  of 
force  \\c  U-.C  i-  the  />////<.  the  force  that  acting  on  a  mass 
of  one  -ramme  pi'oducc-  an  acceleration  of  one  centimetre 
pci-  -ccond  per  -econd.  (  'oni|»ared  with  the  pound  weight  it 
i>  \er\  Hindi:  roii-lilv  it  is  etpial  to  the  weight  of  a  milli- 
Liranmie.  The  unit  of  work  is  the  AY//,  or  d\  nc-centimctrc. 
It  i-  the  work  done  \>\  one  dvne  when  the  point  of  application 
ino\r-  ;i  eeiitiinetre  in  the  direction  of  the  force.  It  i-  a  \er\ 
-mall  unit  :  too  >mall  u>uall\  for  practicul  \\ork.  -o  \\  e  imilti 
pl\  it  l»\  ten  million  and  call  the  product  a  Junl<.  \  joule 
(=lli  BrgB)  fa  approximately  e<|iial  to  the  \\«»rk  done  in  lift  inn 
a  kilogramme  tliroii-li  ten  centimetre-.  It  i-  alxmt  '71  f«"»t 
pound.  The  rate  at  \\hich  an  a-ent  \\nrk-  i-  called  it-  pOWi  r. 

The    Illlit    of    pn\\e|-    \\  c    ll-e    i-    the     \\'tiff.        All    audit     \\ork-.    at 

one  \\att   if  it-  output    i-  on,-  j.,ulc  per  WOOIld      7  !»'»  \\atl-  WPC 
x   e«|iii\alciit   to  one  hor-c  po\\er. 
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I-Wce,  dyne  (=  ,1,  grin.  \\t.>. 

\\ork.  tlir  d\ne-centimetre  or  erg,  107  ergs  =  1  joule. 

Power,  joule    prr   second    or  watt,    746  watts  =  1   horse- 

powor. 

33.  Electricity  and  Energy.  I  remember  looking  up 
tin-  word  -  Klectricit\  '  in  a  dictionary.  All  the  information 
I  obtained  was  that  it  was  a  "  form  of  energy  ":  and  even  that 
\\a>  wrong,  for  whatever  electricity  may  be  it  certainly  is  not 
energy  of  any  kind.  Energy  is  capacity  for  doing  work. 
N'either  electricity  nor  matter  is  energy,  but  both  may  have 
( -in TU\.  I.K  ( tricity  in  motion — i.e.  a  current  of  electricity- 
has  a  certain  kind  of  energy:  matter  in  motion  has  also  a 
kind  of  energy  ( k i netic  energy).  Electricity — as  electricity— 
is  ahnoM  UM  K  — .  It  is  as  a  means  of  conveying,  or  directing, 
energy  that  electricity  is  employed  all  over  the  world  to-day. 
It  is  necessary  therefore  to  understand  clearly  the  relation 
between  the  two. 

If  I  buy  water  from  a  Water  Company  I  may  need  it 
either  as  water,  e.g.  for  washing,  drinking,  etc.,  or  for  the 
energy  I  can  get  from  it.  In  the  first  case  I  shall  be  quite 
content  to  pay  for  it  at  so  much  per  thousand  gallons,  and 
beyond  satisfying  myself  of  its  purity  shall  need  to  ask  no 
further  questions.  But  the  second  case  is  not  so  simple  ;  fin- 
ex  ample,  suppose  I  wished  to  blow  an  organ  with  a  hydraulic 
motor.  Consulting  an  engineer's  catalogue,  I  find  that  with 
water  at  50  Ibs.  per  sq.  inch  I  need  12  gallons  per  minute; 
but  at  30  Ibs.  per  sq.  inch  I  need  nearly  double  as  much.  Of 
course  then  if  I  want  water  for  driving  machinery  I  shall  not 
buy  it  by  the  gallon  except  on  the  understanding  that  the 
pre— ure  of  the  supply  is  kept  up  to  some  definite  amount. 
Thru,  though  I  speak  of  buying  water,  what  I  really  buy  is 
energy  or  work. 

it  1 1  electricity.  To  light  my  house  I  employ  electricity; 
but  electricity  alone  is  as  plentiful  as  sea  water  and  would  be 
jn>t  ;i>  ireful.  It  is  energy  that  I  really  want,  supplied  elec- 
tric all  \  :  and  it  is  for  energy  that  I  pay.  I  may  measure  the 
cnci-N  I  u>e  by  an  electricity  meter  as  I  might  measure  the 
energy  I  took  to  work  a  hydraulic  engine1  by  means  of  a  water 
meter:  I  am  willing  to  pay  so  much  per  coulomb  for  electricity 


\\\ 

or  >o  much  per  gallon  tor  water,  but  only  U'cause  1  know  tliat 
each  coulomb  or  each  gallon  is  associated  with  a  definite 
amount  of  energy. 

The  Klectric  Li-lit  Company  actually  >upply  me  with 
clectricin  at  toiirpence  a  unit— but  tlie  unit  i>  neither  a 
coulomb  nor  any  other  unit  of  electricity.  It  is  looo  watt- 
hour-.  A>  a  watt  is  a  joule  per  second  KMH)  watt-hours 
mu-t  he  looOxGOxiln  joules:  hence  1  pay  a  penny  for 
JMMUMMI  joul 

34.     To  find  the  voltage  of  a  supply.     It  is  of  interest 

to  know  how  many  coulombs  are  associated  with  each  joule. 
It  i-  <jiiite  eas\  to  find  this  out  as  follows.  Take  an  ordinary 
lamp  and  connect  up  with  "ilex'  to  the  mains.  One  of  the 
\\irc-  of  the  flex  must  be  .-evered  and  the  ends  joined  to  an 
ammeter  (or  galvanometer)  as  shewn  in  tin.  -24.  so  that  you 
can  find  out  what  current  the  lamp  takes.  The  lam])  is  to  be 
in-crtcd  in  a  vessel  of  cold  water.  The  water  should  IK'  deep 
enough  to  cover  the  -lass,  but  not  to  reach  the  adapter.  It 
can  be  held  down  in  position  by  a  clamp.  Take  the  tempera- 
ture of  the  water  and  turn  on  the  li^ht  for  a  measured  time. 
Take  out  the  lamp,  find  the  new  temperature  of  the  water. 
Then  weii:li  the  water,  and  add  to  the  result  the  \\ater 
equivalent  of  the  reaBeL  In  this  way  you  can  «i'et  the  heat 
delivered  b\  the  lamp  in  a  known  time. 


Fig. 

In  an  actual  experiment  the  follo\\in-  read  in--  \\ere  taken 
<  'iirrent       'i:t  ampere. 

Time     -j  in  geconds, 

Therefore  <|iiantit\   of  elect ricin   u-ed       in:;  coulomb-. 
Initial  temperature       1 :, 
l-'inal  temperati;  (J. 

Ma—  of  \\ater       j  j-j 
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Tin'  ve»el  w:i>  an  aliiininiuin  calorimeter  ;  its  water 
equivalent  was  !>  -nils. 

Heat  absorbed  =  (:*(>-  lf>)(9  +  122)  =  27ol  caloric- 

Hence  the  supply  is  at  the  rate  of  27  calories  per  coulomb. 

Now  heat  is  a  form  of  energy:  mechanical  energy  which 
we  ii>iially  measure  in  joules  can  be  transformed  into  heat 
eneriry.  measured  in  calories.  The  rate  of  exchange  is  definite, 
\-2  joules  are  equivalent  to  one  calorie.  Hence  4*2  x  27, 
Le.  1 1:*  joules,  are  supplied  with  each  coulomb.  This  number 
measures  what  is  called  the  Voltage  of  the  supply.  Briefly, 
volts  are  joules  per  coulomb.  The  above  experiment  was 
only  a  rouirh  one,  and  the  result  not  accurate.  The  supply  is 
supposed  to  be  at  10.")  volts. 

The  thing  that  is  measured  in  volts  is  often  called  Potential 
Difference  (P.  D.),  or  Electromotive  Force  (E.  M.  F.).  For  the 
present  we  shall  not  try  to  define  these  terms.  They  are  not 
exactly  the  same  thing  but  there  is  no  need  yet  to  distinguish 
between  them.  Remember  that  the  P.  D.  or  E.  M.  F.  between 
two  points  is  measured  by  the  energy  developed  per  unit  of 
electricity :  and  that  volts  are  joules  per  coulomb.  See  also 
Art.  195  in  Static  Electricity. 

35.  Pressure  and  Work.  The  conception  of  voltage 
is  often  difficult  to  beginners  :  perhaps  this  is  because  we 
have  no  sense  to  detect  it.  We  have 
a  sense  to  detect  pressure  and  tem- 
perature so  that  these  two  ideas 
present  no  difficulty.  Suppose  water 
is  admitted  to  a  cylinder  fitted  with 
a  piston  and  that  the  piston  area  is 
one  square  foot.  Every  cubic  foot 
admitted  to  the  cylinder  will  drive 

the  pi>ton  forward  one  foot  and,  if  the  pressure  is p  Ibs.  per 
>quare  foot,  exert  a  thrust  of  p  Ibs.  weight  on  the  piston  : 
M)  that  every  foot  of  water  will  do  p  foot-lbs.  of  work.  Hence 
to  any  one  unfamiliar  with  the  idea  of  pressure  we  might  say 
that  the  prc->mv  of  >till  water  is  a  quality  in  virtue  of  which 
it  is  able  to  do  work;  and  that  it  is  measured  by  the  work 
per  unit  volume  obtainable  from  it.  This  definition  of  pressure 
is  not  the  usual  one,  but  it  is  analogous  to  the  definition  of 
voltaic  a>  the  work  obtainable  per  unit  of  electricity. 
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36.  Voltmeters.      An    enirine-driver    must    know   his 
-team  pre— ure:  he  reads  it  on  a  gauge  which  has  been  tested 
airaiuM   a  standard.     So  also  an  electrician  needs  some  kind 

iiiue  to  mea.-ure  voltage  (or  the  number  of  joules  as- 
-ociated  with  each  coulomb):  he  could  not  possibly  undertake 
an  experiment  like  the  above  evcrx  time  he  wanted  this 
information.  The  instrument  in  general  use  is  called  a  volt- 
meter. There  are  several  different  kinds.  The  theory  and 
mechanism  of  one  form  will  be  explained  later.  Meanwhile 
sou  will  be  expected  to  use  them,  just  as  you  might  use  a 
-team  --a u ire  without  troubling  in  the  least  to  understand  all 
about  it. 

liemember  that  a  voltmeter  is  always  connected  up  in 
parallel  with  the  lamp,  or  wire,  or  motor,  the  voltage  between 
the  terminals  of  which  is  required  :  an  ammeter  is  al wax  -  in 
-eric-. 

The  main  current  does  not  pass  through  a  voltmeter  am 
more  than  the'  steam  passes  through  a  steam  gauge. 

37.  To  make  a  galvanometer  serviceable  as  a  volt- 
meter.   We  -hall  suppose  thai  the  galvanometer  lias  a  radius 
of  about  li'cni.  and  :>o  turns  and  that  it  is  required  to  register 

volt-  from  about  '."».  With  other  ran  ires  and  -i/e-  the  detail- 
will  differ.  Take  a  I  >aniell  cell  and  join  it  up  to  the  terminals  ; 
the  deflection  will  probably  be  well  over  7"  :  in  this  case 
di-eoiinect  and  in-ert  in  the  circuit  a  roiMance  coil  of  such 
maiMiitude  that  the  deflection  falls  to  about  20°.  A  20  ohm 
coil  will  probabls  be  about  sufficient.  After  the  needle  has 
beeome  «|iiite  Meads,  read  the  deflection  carefulls  :  then 
change  the  batters  terminal-  to  reverse  the  current.  Kind 
the  new  readinir  and  take  the  mean  of  the  tsvo  as  the  true 

deflection. 

I'mler  the  condition-  of  the  experiment  the  B.  M.  F. 
between  the  pole-  of  the  Daiiiell  will  be  about  one  volt.  Now 
draw  up  a  table  according  to  the  tangent  law  exaetls  a-  in 
Art.  :t<>.  Tin-  -ahanometer  in  connect  ion  with  the  re-i-tanee 
mas  then  be  u-ed  to  mea-ure  K..M.T.  up  to  about  .".  s<.]t-  and 
.-place  a  voltmeter.  It  mil-t  not  be  regarded  a-  an 
accurate  iiiMrument. 

If   sou   u-e   a    -alsanometer   \\ith    alx.iit    'Jixi  turn-    with    a 
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iv-iMunce  of  M\<>  or  three  hundred  ohms,  you  may  assume  that 
the  i.  M.I  indicated  is  r<M>  volts  when  it  is  in  series  with 
a  Daniell.  Such  an  instrument  is  much  more  accurate. 

38.  To  find  the  voltage  between  the  ends  of  a  wire 
in   which  a  current  is  flowing  and  to  test  the  reading  of  a 
voltmeter.     The  method  is   in  principle  exactly  like  that  of 
Art  34,  but   this  time  the  current  will  be  taken  not  from 
hi.irh  voltage  mains  but  from  a  battery.     Join  up  a  few  cells 
of  a  storage  battery  in  series.     Connect  up  in  series  (1)  an 
ammeter  A,  (2)  a  coil  of  fine  varnished  wire  w  immersed  in  a 
calorimeter  C  half  full  of  water.     The  wire  in  the  calorimeter 
must  be  joined  in  parallel  with  the  voltmeter,  V. 

It  will  be  necessary  to  know 

(1)  mass  of  water, 

(2)  water  equivalent  of  the 
calorimeter, 

(3)  the  initial  and  final  tem- 
peratures, 

(4)  the  current, 

(5)  the  time  during  which  the 
current  flows, 

(6)  the  reading  of  the  volt- 
meter when  connected  up  as  in 
fig.  26. 

From  (1),  (2),  (3)  calculate  the 
calories  generated :  multiply  by  4*2 
to  get  the  number  of  joules.  From  (4)  and  (5)  calculate  the 
number  of  coulombs  that  have  passed  along  the  wire.  From 
these  two  find  the  joules  per  coulomb,  i.e.  the  volts  between 
the  ends  of  the  wire. 

(N.B.    This  result  does  not  give  the  E.  M.F.  of  the  battery.) 
Does  the  result  agree  with  the  voltmeter  reading  ? 

39.  The  power  of  a  current.     Suppose  a  current   of 
C  amperes  flows  along  a  wire  and  that  the  P.  D.  between  the 
ends  is  V  volts.  The  number  of  coulombs  per  second  is  C  :  and 
each  coulomb  is  associated  with  V  joules:  hence  the  number 
of  joules  per  second  is  C .  V ;  but  a  joule  per  second  is  a 
watt :  hence  the  watts  of  a  current  are  calculated  by  multi- 
plying the  amperes  by  the  volts. 


Fig.  26. 
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4O.  Motor  Efficiency.  Electricity  is  used  not  <mly  for 
liirlitinu-  and  heating;  it  is  also  used  for  driving  machinery. 
Tin.'  voltage  of  a  supply  may  IK-  calculated  by  finding  the 
work  per  coulomb  that  can  I*'  obtained  from  a  motor  :  but  it 
must  be  borne  in  mind  that  when  any  kind  of  ener-x  i> 
converted  into  mechanical  work,  some  <|Uantity  is  alwa\-  IOM. 
or  rather  ilissipated  in  the  form  of  heat.  The  ratio  of  the 
output  of  work  from  a  motor  to  the  intake  of  electrical 
enemy  is  called  the  efficiency  of  the  motor.  The  next  exjreri- 
ment  is  de>iuned  to  find  the  efficiency  of  a  motor  under  a 
ui\en  load. 

To  mea>ure  the  output  of  work  we 
shall  use  a  rope  brake  on  the  driving 
]  ml  ley.  To  one  end  of  the  rope  is  fastened 
a  weight  (A),  to  the  other  a  spring  balance 
/.'  .  The  direction  of  revolution  must  be 
as  shewn.  By  knowing  the  weight  at  A 
and  the  reading  of  B  we  can  find  the  pull 
of  the  rope  at  each  side.  Call  the  one  P 
and  the  other  Q  Ibs.  weight.  Measure  the 
circumference  of  the  wheel:  d  feet  say. 

Then  the  work  done  per  revolution  on 
the  brake  •  </<P  -  Q)  foot  -pounds. 

Find  by  means  of  a  revolution  counter 
the  number  of  revolutions  per  second. 
<  M'  eoin^e  thi>  and  all  other  readings  iim»t 
IK  taken  while  the  motor  i>  running  oil 
the  brake.  Call  the  number  //,  then 
W(P  —  Q)  foot  pounds  =  work  done  in  one 

>eeond.    but     1    toot  pound  =  \"M   joido.    hence    the    rate    of 
\\orkiiiiii-  r.'i'l  •  //'/  (P  —  Q)  watts. 

To  find  the  power  absorbed,  the  current  <C  land  the  voltage 
(V)  between   the  termiiiaN  of  the   motor  innM    be   read:    the 
tii'-t   b\    nu-aii-  of  ;in  ainmetel'.  the  >eeond  b\    meaii>  of  ;i   \o]t 
meter.      The  product   of  the  two  reading  mea»iire-  the  \\att- 
>upplied.      Hence  the  cHiciciic\   under  the  particnlar  load 

CV 


Fig.  27. 


In  a  >m:dl  motor  the  eflicicnc\   i-,  likel\   to  be  low.  pcrhap- 
only    five    or   »i\    per    cent.      In    a    large    machine    it    ma\     be 
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t  \pected  to  be  0TOT  eighty  per  rent,  under  its  normal 
load 

41.  Watts  per  candle  power  of  an  electric  lamp. 

Tlir  candle  power  may  IK)  found  by  means  of  any  suitable 
photometer.  The  volts  may  be  read  on  a  suitable  voltmeter 
b\  connecting  the  mains  directly  to  its  terminals.  The 
current  taken  by  the  lamp  is  found  as  in  the  experiment  of 
Art  34.  How  does  the  result  compare  with  the  maker's 
advertisements? 

42.  Potential.    A  steam  gauge  is  said  to  read  pressure  : 
as   a   matter  of  fact  it  really  reads  difference  in  pressure. 
A    -a  nire  reading  60  Ibs.  per  square  inch  indicates  that  the 
steam  has  a  higher  pressure  than  the  air  by  60  Ibs.  to  the 
square   inch.     As  the  air  pressure  is  about  15  Ibs.  to  the 
square  inch  the  actual  pressure  of  the  steam  is  about  75  Ibs. 
per  square  inch.     Some  condensing  steam  engines  take  in 
-team  a  IK)  ve  atmospheric  pressure  and  eject  it  below:  so  to 
find  the  work  which  they  ought  to  be  able  to  do  per  pound  of 
steam  we  require  two  gauges  ;  though  indeed  a  single  gauge 
miirht  be  made  to  suffice  if  its  inside  could  conveniently  be 
connected  to  the  supply  and  the  outside  be  subjected  only  to 
the  pressure  of  the  exhaust.     If  we  take  the  atmosphere  as 
a  standard,  pressures  above   it  are   conveniently  reckoned 
positive,  pressures  below  negative:    we  have  to  remember 
that  neither  reading  gives  a  true  pressure. 

Now  all  this  applies  in  some  degree  to  electricity.  Though 
we  sometimes  speak  of  the  "  potential  of  a  body "  what  we 
really  mean  is  the  potential  difference  between  that  body  and 
the  earth.  (The  gas  or  water-pipes  form  a  convenient "  earth.") 
We  know  approximately  the  pressure  of  the  atmosphere,  but 
it  is  not  constant  and  it  varies  from  place  to  place.  The 
potential  of  the  earth  is  likewise  variable,  though  we  cannot 
find  its  actual  value  anywhere.  It  is  however  a  convenient 
^tandard  from  which  to  measure,  for  actual  values  are  seldom 
required  :  it  is  the  difference  that  is  important  If  we  say 
then  that  a  body  has  a  potential  of  50  volts  we  mean  that  the 
r.  D.  or  K.  M.  F.  between  that  body  and  the  earth  is  4-  50  volts  ; 
and  that  if  the  body  were  joined  up  by  a  wire  to  the  earth  a 
current  would  How  from  the  body  to  earth.  If  the  potential 
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were  -  .">()  volts,  the  current  would  flow  in  the  opposite 
diivction  :  in  either  ca>e  the  \vnrk  per  couloinl)  would  be 

60joule& 

43.     Potential  Fall  and  Potential  diagrams.    If  water 

is  flowing  alnni:  a  level  pij)e— say  in  the  main  of  a  loni: 
^treet  the  pressure  i>  not  the  same  at  all  points,  for  >ome 
energy  muM  l>e  sj>ent  in  making  the  wator  flow.  Thus  at 
<>nc  end  the  ]nv>-mv  ina\  he  _!."»  ll>s.  ]KM'  square  inch,  at  the 
other  only  :>n.  Take  the  case  of  water  driven  round  a  closed 
circuit  liva  pump  i  /'):  >uppo>i-  it  is  used  to  drive  a  hydraulic 


Fig.  28. 

motor  (M  i  The  pump  will  deliver  the  water,  say.  at  -2~>  11». 
per  so,,  in.:  hut  the  pressure  will  fall  along  the  pipe  be  and 
may  l>e  only  20  at  c.  The  motor  may  absorb  nearly  all  the 
energ]  «-onvc\rd  by  the  water  so  that  the  pre>smv  falls  to 
'>  11)-.  per  s«|.  in.  at  d.  The  water  then  is  returned  to  the 
pump  airain  and  is  taken  in  at  xero  ]>ressure  at  <i. 
The  dia-ram  -hews  the  fall  in  pressure. 
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Something  analogous  takes  place  with  electricity.  Current 
produced  1>\  a  dynamo  or  battery  has  to  pass  not  only  tlirough 
lamp>  or  motors  but  also  through  wires  or  "leads."  Hence  a 
dynamo  if  it  is  to  supply  lamps  at  100  volts  must  deliver  at  a 
rather  higher  E.  M.  F.  than  this — say  at  105.  Fig.  30  is  a 
potential  diagram,  intruded  to  illustrate  this  case  :  there  is 
supi>o8ed  to  be  a  fall  of  2£  volts  along  each  lead. 

If  the  leads  are  very  thick 
and  the  current  small  the  case 
is  xnnewhat  similar  to  that  of 
water  supplied  through  very 
bi«r  pipes  and  the  fall  in  poten- 
tial is  small.  In  the  next  two 
diagrams  the  fell  in  the  leads 
has  been  disregarded. 

Let  us  suppose  that  four 
25  volt  lamps  A,  B,  C,  D  are 
placed  in  series  in  a  hundred 
volt  circuit.  A  25  volt  lamp 
is  one  intended  to  give  its 
normal  candle  power  when  the 
E.  M.  F.  between  the  terminals 

is  25  volts.  A  hundred  volt  circuit  is  one  in  which  the  main 
wires  or  leads  have  a  potential  difference  of  100  volts :  one 
may  be  at  100  volts  (above  the  earth)  and  the  other  at  0, 
fig.  31 ;  or  one  may  be  at  50,  the  other  at  -  50,  fig.  32 ;  or  one 
at  0,  the  other  at  — 100.  No  electricity  is  used  up  in  passing 
through  the  lamp,  any  more  than  water  is  used  up  in  passing 
tlirough  a  water  engine.  There  is  the  same  current  at  all 


100 


Fig.  30. 


earthed  lead 


Fig.  31. 


Potential 
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parts  nt'  the  circuit.  There  is  however  a  tall  in  voltage  in 
pa-sin-  each  lamp  :  in  a  similar  way  there  is  a  fall  in  the 
pre— 1 1 iv  «>f  water  in  passing  through  an  engine.  Some  of  the 
enemy  (lt  tm'  Current  is  used  up  in  the  lamp  :  some  of  the 
eneriry  of  the  water  is  used  up  1>\  the  engine. 


50 


I25 


0L 


1-25 

eg 
-50 


Ac 


D  J 


-lead 


Fig.  32. 


\Ve    ^\m\\    conelude    this    chapter   by   plat-ing  in  parallel 
roliiiiin>  -nine  thin.n's  in  electricity  which  to  some  extent  are 

analogous  to  other  things  in  hydraulics. 

Water  Electricity 

Cubic  foot  or  Ballon  or  pound  (1ouloinb 

Current  Current 

<  'nbir  foot  per  BCe  Ampere 

IVe»nre  Potential 

Difference  in  Ti-c^urc  E.  M.  F.  or  P.  D. 
measured  in 

Lb-.  pel-  -(|.  ft.  Volt- 

I 'K  --ure  gauge  N'oltmeter 

rmnj)  Dxnamo 

Water  motor  Lamp  or  electromotor 
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EXAMPLES  III 

1.  The  I  turning  of  a   kilogramme  of  coal   liberate*   about   8  million 
calorics.     To  how  many  kilowatt-hours  is  this  equivalent  .' 

2.  A  lamp  takes  a  current  of  £  ampere,  and  the  voltage  Between  its 
terminal^  is  -JIMI.     Find  (1)  the  number  of  coulombs  passed  in  one  minute, 
(2)  heat  generated  in  one  minute. 

3.  A  lamp  is  immersed  in  a  vessel  containing  300  grins,  of  water.     If 
it  takes  a  current  of  1  ampere  at  50  volts,  how  much  will  the  temperature 
of  the  water  rise  j>er  minute  ? 

4.  Energy  is  sold  by  electric  supply  companies  at  a  penny  per  kilowatt- 
hour  (i.e.  per  "unit").     How  much  is  this  (1)  per  joule,  (2)  per  calorie  '. 

5.  A  motor  takes  a  current  of  10  amperes  at  110  volts.    What  is  (1)  its 
power  in  kilowatts,  (2)  its  horse-power  ? 

6.  What  is  the  eost  of  boiling  30  gallons  of  water  if  energy  is  supplied 
electrically  at  5d.  per  unit?    Assume  that  the  water  is  originally  at  10°  C. 
and  that  10  %  of  the  heat  supplied  is  wasted  by  radiation,  etc.    (1  gallon  = 
4530  c.c.) 

7.  A  carbon  incandescent  lamp  requires  energy  at  3  watts  per  candle 
power.    If  the  price  of  energy  is  3d.  per  unit,  find  how  long  a  16  c.p.  lamp 
will  burn  for  Id. 

8.  A  house  is  lighted  by  45  lamps  each  of  16  c.p.,  each  taking  1*2  watts 
per  c.p.     What  H.  P.  is  required  to  drive  the  dynamo  ? 

9.  In  a  house  supply  the  voltage  is  210.    What  quantity  of  electricity 
passes  through  the  meter  per  hour  when  energy  is  taken  at  the  rate  of  150 
joules  per  second  ? 

10.  An  electric  kettle  holds  two  pints.     It  is  stamped  by  the  maker 
210  v.,  3  amp.    In  a  test  on  210  volt  mains  it  was  filled  with  water  at  10°  C. : 
it  boiled  after  12£  minutes.    The  readings  of  the  meter  before  and  alter 
use  were  607*860  and  607*991  units.     The  price  of  electricity  is  a  penny  per 
unit.     Find  (1)  cost  per  gallon  of  boiling  water,  (2)  heat  absorbed  by  the 
u  ;iter,  (3)  percentage  of  heat  wasted  if  the  maker's  stamp  is  correct,  (4)  if 
the  readings  are  consistent. 

11.  A  16  candle  power  lamp  is  immersed  in  250  grins,  of  water,  the 
temperature  of  the  water  is  found  to  rise  3°  C.  per  minute.     Calculate  the 
watts  per  candle  power. 

12.  A  fine  wire  is  placed  in  500  grms.  of  water  in  a  light  calorimeter, 
and  5  amperes  are  passed  through  it,  an  E.M.F.  of  14  volts  being  observed 
between  the  ends  of  the  wire.     Calculate  the  rise  in  temperature  in  10 
minutes. 
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13.  Compare  the  cost  of  gas  ami  electricity  per  candle  jMiwer  from  the 
followim:  data  :  The  eost  of  electricity  is  -1\<1.  per  unit  :  a  7<>c.p.  gas  burner 
consume^  •">  C.  ft.  per  hour:  price  of  gas,  2*.  6rf.  per  1000  c.  ft.     In  electric 
liirhtinir  11  \\att>  are  required  per  candle  power. 

14.  What  «loes  the  following  statement  mean  .'    The  mechanical  equiva- 
lent of  heat  may  be  taken  as  4'J7  kilogram-metres  per  kilogramme-calorie. 
Find  the  co^t  «.f  boiling   lit  kirrniv  ..f  water  originally  at  -Jn  C.  with  an 
eleetrie  supply  at   :!</.   a   unit. 

15.  If  one  gramme  of  hydrogen  is  hurnt  in  oxygen,  the  heat  generated 
.'><><•  calories.     Find  how  many    1    calories,  (2)  joules,  can  be  obtained 

l»y  burning  the  gases  liberated  by  the  passage  of  one  eoiilomb  throu-h  a 

•r  voltameter. 

(It  follows  from  your  answer  that  a  certain  minimum  K.M.P.  is  required 
for  the  electrolysis  of  water.) 

16.  The  following  particulars  of  4  volt  accumulators  are  taken  from  a 
catalogue : 

Ampere-hours  Weight  in  Ibs. 
10  2j 

20  5j 

40  sl 

60  12 

80  1.-, 

1'lot  a  curve  to  connect  the  \\ci-_rht  and  the  energy  in  joule>  and  >tate 
how  many  joules  are  associated  with  a  pound  of  lead  in  each  case. 

17.  Kner-y  i-  cnii\,-\rd  iVom  a  waterfall  to  a  town  some  distance  away 
by   mean>  of  electricity.     The   dynamo   delivers  at  2050  volts,  but   in   the 
town  the  K.M.F.  IB  only  2000  volts  so  that  there  is  a  drop  of  :.n  \«,lt>  due  to 
the  lead>.     The  ciiiTenl  is  100  amperes.      Kind  (1)  the  II.  1'.  of  the  dynamo. 
(2)  the  percentage  of  encr_ry  wasted  in  the  leads. 

18.  In  an   Kdisoii  accumulator  the  .'ton  ampere-hour  cell  weigh >•_'."•  11-. 
and   the  discharge  is  at  I"-' volts.      Fiml   the  energy  stored   per  pound   of 
material  and  find  through  what  vertical  height  this  energy  could  raise  the 
cell. 

19.  Find  the  Mri  of  boiling  a  ipiart  of  water  in  live  minute-  if  electric 
energy  is  sup  plied  at   •_'[/.  per  H.T.  unit  :    the  initial  temj>ei-ature  of  water 
being  16°C.  and  the  ellicielicy  of  the    kettle    s.'i  percent.      At    what    rate    i- 
the   pouef  >U|.p: 

20.  Comment  mi  : 

"The  1,,-at   e.|i|i\alent   of  the  \\att    i^  -_M  OftlOJ 

"The  eiier-y   IV. .in    ,:  pint    of  petrol    i>  c«|iial    t"   rai-ilrj    '.HMitoiis  one 
in  one  minute." 

21.  hi-cribr  the  e\|.erimental  arrangements  yon  woiil.l  make  it'  usked 
to  determine  the  average  value  of  an  alternating  •current  b\  mean-  of  the 

:t   de\el..|M--  in  a  cojl  of  \\ 
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RESISTANCE 

44.  Resistance.    If  the  poles  of  a  Daniell  or  Leclanclir 
cell  bo  joined  by  a  long  thin  piece  of  iron  wire,  a  very  small 
current  will  pass  along  it :  but  if  they  be  joined  by  a  piece 
only  an  inch  or  two  long,  there  will  be  a  current  which  may 
be  sufficiently  large  to  make  the  wire  red-hot.     The  E.M.F.  is 
not  greater  in  the  second  case  than  in  the  first  so  that  the 
current  that  flows  through   a  wire   depends  on   something 
besides  the  E.M.F.     The  other  factor  on  which  it  depends  is 
termed  resistance.    We  are  going  to  deal  with  resistance  in 
this  chapter. 

45.  Relation  between  current  and  E.M.F.     Take  a 
length  of  wire — iron  or  German 

>i  her  will  do — and  join  it  up  to 
a  single  cell  (Daniell,  or  storage) 
through  an  ammeter.  Join  the 
cuds  of  the  wire  to  the  terminals 
of  a  voltmeter  (fig.  33).  Read 
the  amperes  and  volts  when  the 
current  is  flowing. 

Now  take  two  cells,  connect 
them  up  in  series  and  use  them 
to  drive  a  current  through  the 

same  piece  of  wire.     Take  your  readings  again.     Repeat  with 
three  cells  in  scries  and  tabulate  results. 


1  cell 

2  cells 

3  cells 


amperes 


volts 


volts  -j-  amperes 
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A  convenient  xvay  of  varying  the  la-t  experiment  is  to  join 
up  to  tin'  mains  tin-  ends  of  a  loni:  xvire  -tretched  <>n  a  frame: 
the  wire'  on  xvhich  von  arc  experimentim:  uiay  IK-  joined 
to  different  i>oints  on  the  stretched  wire.  You  can  thus 
get  a  very  laruv  number  of  simultaneous  readings  of  volts 
and  ampere-. 

Von  will  notice  tliat  the  numbers  in  the  last  column  of 
the  table  in  which  you  write  your  re-ult-  are  all  the  same  for 
the  -ame  wire.  (Of  course  they  will  not  be  exactly  the  same: 
neither  voltmeter  nor  ammeter  is  likely  to  be  quite  perfect ; 
and  you  cannot  measure  small  traction-  of  a  volt  or  ampere.) 
This  shex\s  ii-  that  the  E. M.F.  between  the  ends  of  the  wire 
i-  directly  proportional  to  the  cui-rent  pa— in-  through  it. 
This  result  was  discovered  by  ohm  in  1826.  We  may  state 
it  in  general  terms  and  at  the  same  time  define  what  is  meant 
bx  resistance. 

46.  Ohm's  Law.    If  two  places  .1  and  B  are  connected 
together,   then   the   Electromotive  Force  between  .1   and  B 
bears    to    the    current    which    passes   between   them   a    ratio 
which   i-  alxvaxs  the  -ame  for  the  -ame  connection  under  the 
same  condition-.     This  ratio  (E.M.F.  to  current)  is  termed  the' 
re-i-laiice  of  the  connection. 

IJrieflx.  resistance  is  E.M.F.  per  unit  current. 

The  resistance  of  a  piece  of  wire  is  dependent  on  (1  >  the 
material.  (L'lthe  length.  <  :* )  the  sectional  area,  i  I)  the  tem- 
perature. 

If  water  pas-e-  alonir  a  pipe,  the  rate  of  flow  i-  dependent 
•  •n  the  dillerence  in  pressure  between  the  ends  of  the  pipe  : 
the  greater  the  pro-lire  the  greater  the  rate,  though  the  UNO 
arc  nut  exadlx  proportional.  The  flow  i-  al-o  dependenl  on 
the  bore  of  the  pipe  and  it-  length. 

47.  To  find  the  resistance  of  a  wire.     To  do   this 
directlx  from  the  definition  of  rc-i-!ancc  i-  nieivh  a  repetition 
of  the   experiment    of  Art.    1."..      The   ratio    i:.  M.  i\    in  current 
irive.s    ii-    \\hat    i-   a-ke.|    fnr.       If    \\  e    mea-iire    i:.  M.  \.    in    \olt- 
and  current    in  amjiere-  the  unit    in    which    the   re-i-tanee   i- 
measiired  i-  t«-rnied  the  <  Mini.      An  ohm  then  i-  the  re-i-tanee 
throu-li   \\hich  an    I  .  M.  I.  of  OD6   \olt    \\ill  drixe  a   current  «.f 
.me  ampere.      I'.rietlx.  ohms  are  volts  per  ampere. 
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48.  The  Ohm.  This,  however.  is  not  the  definition  of 
the  Loir;  1  1  <  Hun.  The  Legal  (Hun  is  almo>t  exactly  equal  to 
it.  hut  is  defined  as  tho  rosistance  at  0°C.  of  14'452  grins.  of 
pure  mercury  in  a  column  lO(i-;{  cm.  long  and  of  uniform 

erase 


49.  Resistances  in  series.  If  several  wires  are  joined 
in  series.  then  tlio  resistance  of  the  whole  is  equal  to  the  sum 
of  their  separate  resistances.  This  may  appear  obvious  ;  hut 
we  give  a  formal  proof  dependent  on  Ohm's  Law. 


-  >c 

Fig.  34. 

Suppose  rlt  ra,  rs,  ...  are  the  resistances  of  the  separate 
wires,  R  the  total  resistance.  Let  a  current  C  pass  through 
them.  By  our  definition  of  resistance  we  have 

TI  =  P.  D.  between  ends  of  first    resistance  -r-  C, 
r9=     „        „        „  second         „       -5-  C, 

r3=     „        „        „  third  „       -=-  C, 

then  by  addition 

r1  +  r2+r3+.  .  .=P.D.  between  extreme  ends  of  the  conductor  -=-  C, 
but  the  P.  D.  -r-  current  is  defined  to  be  the  resistance,  R,  of  the 
conductor, 

/.  R  =  »*!+  n  +  n  +  .... 

5O.  Resistances  in  parallel.  Suppose  two  places  A 
and  B  are  connected  by  several  different  wires  of  which  the 
resistances  are  rl9  r2,  etc.  Suppose  currents  Ci,  c2,  etc.  flow 
along  these  wires  and  that  the  difference  of  potential  between 
A  and  B  is  equal  to  E. 


'3  K, 

Fig.  35. 

Then  by  Ohm's  Law 

B  E 

c/i  —      ,   C")  —     ,  etc. 
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Hence  bv  addition 


l>nt  r.  +  r.  ......  =  the-  total  current  hot  worn  A  and  II,  and  this 

divided  bv  the  difference  of  potential  must  be  c(|iial  to  the 
reciprocal  of  tlic  total  resistance  : 

,.4-1+1+  ....... 

R      /-,      /• 

Tin-  reciprocal  of  the  resistance  is  termed  con  dtirfirffi/  :  hence 
the  conductivitx  of  the  connection  is  equal  to  the  sum  of  the 
conductivities  of  the  parts. 

The  wires  in  this  case  are  said  to  he  arranged  in  multiple 
«i-'-  or 


5  1  .  Stranded  Conductors.  This  result  shews  us  that 
the  resistance  of  a  cable  made  up  of  several  strands  is 

inverselv  proportional  to  the  number.     Thus  the  resistance 
i.e.  of  -even  strands  of  wire  of  22  gauge  —  is  one-seventh 
of  that  of  a  sinirle  strand  the  same  length.     The  arrangement 
"f  -everal  >trands  is  adopted  to  make  conductors  flexible. 

52.  Shunts.  If  a  conductor  is  divided  into  t  wo  or  more 
branches.  the  magnitudes  of  the  currents  through  the  branches 
are  dircctlv  proportional  to  their  conductivities,  i.e.  invcr>cl\ 
proportional  to  their  iv-i-tancc-.  In  usin.ir  measuring  instru- 
ments it  is  often  impossible  to  deal  with  the  whole  current. 

/  ohm. 


-o  that  a  iralvanometrr  or  ainiiictrr  i-  often  ^hunted,  that  i- 
\  it-  trrminal-  arc  .joined  up  thi-oii-h  a  I'c-i-tancc  in  ->uch 
a  \\a\  that  the  -ah  an<  »met  er  and  I'c-i^tancc  arc  in  parallel 
with  our  anoiln-r.  The  main  current  then  divide-  it-elf  into 
part-  proportional  to  the  conduct  i\  it  ie-.  Tim-  -uppoM-  the 
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resistance  of  the  inurnment  is  1  olnn.  If  the  terminals  are 
connected  by  a  wire  of  -J  olun  resistance,  nine  times  as  much 
current  will  1:0  through  this  shunt  as  through  the  galvano- 
meter it>elf:  i.e.  only  one-tenth  of  the  whole  current  will 
pass  throiiirli  the  ualvaiiometer.  The  current  indicated  by 
the  n-alvanometer  must  therefore  be  multiplied  by  10  to  give 
the  current  in  the  main  circuit. 

53.  Specific  Resistance.     We  often  speak  about  the 
specific  resistance  of  a  material;  by  this  we  mean  the  resist- 
ance  of  a   cul»e  of  one  centimetre  edge  when  the  current 
enters  in  at  one  face  and  leaves  at  the  opposite  face  and  the 
direction  of  flow  is  everywhere  perpendicular  to  these  parallel 

If  we  know  that  a  wire  has  a  sectional  area  of  a  sq.  cm., 
length  /  cm.,  resistance  R  ohms,  we  can  find  the  specific 
resistance  of  the  material —  call  this  a. 

The  resistance  of  a  wire  is  proportional  to  its  length; 
hence  the  resistance  of  a  wire  I  cm.  long  and  1  sq.  cm.  in 
section  would  be  la; 

The  conductivity  of  a  wire  is  proportional  to  its  cross 
sectional  area;   its  resistance  is  therefore  inversely  propor- 
tional to  its  area.     Hence  the  resistance  of  a  wire  /  cm.  long 
and  a  sq.  cm.  in  sectional  area  would  be  lo-  -H  a, 
.  •.  R  =  l<r/a,  i.e.  o-  =  aR/l. 

If  a  wire  has  a  resistance  R,  diameter  d,  length  I  and  the 
specific  resistance  of  the  material  is  a;  then  a  =  7rc?2R/4/. 

If  we  measured  specific  resistance  in  ohms,  the  numbers 
for  most  metals  would  be  very  small  indeed.  It  is  usual 
therefore  to  select  a  smaller  unit,  the  microhm  which  is  one 
millionth  of  an  ohm.  It  is  in  terms  of  the  microhm  that 
approximate  values  of  specific  resistance  are  given  in  the 
table  at  the  end  of  this  book. 

54.  Joule  effect.     The  rate  at  which  energy  is  spent — 
or  heat   developed — in  the  connection  carrying  a  current 
between    two  points  is  proportional  to  the  product  of  the 
E.  M.  F.  and  the  current.     Ohm's  Law  states  that  the  E.  M.  F.  is 
proportional  to  the  product  of  resistance  and  current.      It 
follows  therefore  that  the  heat  must  be  proportional  to  the 
product  of  the  resistance  and  the  square  of  the  current. 
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Suppose-  that  a  current  of  C  amperes  Ho\\>  I  n't  ween  two 
places  A,  B,  that  the  K.  M.  F.  between  .1  and  11  i>  E  v«»Its  and 
that  the  connection  lia>  a  roi.Mance  of  R  ohms.  Let  the  heat 
developed  in  f  seconds  ho  H  caloric-. 

In  the  time  t  the  (juantitv  of  electricitx  which  passes  i^ 
Ct  coulombs.  The  enenrx  liberated  i<  E  joules  per  conloinb: 
i.e.  EC/  joules  in  all ;  by  Ohm's  Law 

3-- 

.*.  energy  =  RC-Y  joules. 
\ -2  joules  are  equivalent  to  one  calorie, 


EXAMPLES   IV 

1.  Two  points  are  maintained  l»y  :1   Lattery  at  a  constant  i>otential 
(littereiice  of  4s  volts:  they  aiv  joiniM  by  three  wires  of  resistances  6,  8, 
l.~)ohms.     What  is  the  current  in  each  wire? 

2.  What  i>  tlu-  iv>i>t:tm-i'  nf  a  \\iiv  which  i-arrics  a  cunvnt  ••!'  1-J  ainjnires 
the  K..M.F.   Ketwrcli   itxrli.l-  i>  :{  \olt8? 


3.  In   all  oK-rtrir   li-ht    iiistallatimi   the   mains  are  ke]>t   at   a   ron>t;.nt 
p..  initial  <liHerent-e  of  1  in  volts.    They  are  eoimecte.l  tM-'fther  l.y  :K*  lamps. 
.•..«!,   taking   |   ampere.      What    is   the  ivsistaiitv  of  each   lamp'     The  total 
niri-ent   in   the  mains'     The  re>i>taiiee  of  the>e  .'{n  lamps  in   parallel? 

4.  Find  the  n-i-taiice  (1)  in  series,  (2)  in  parallel,  of  wire-  of  re-i-taiu-e- 
I.  I    .  •_'  ..!ini>. 

5.  Ill    parallel    t  \\  o    uiro    liavr   a    re>i>taliee   of  ;{j   ,,hlns:    ill    Mlifli    H. 

Fin.l  the  resistance  of  each. 

6.  Find  the  resistance  |.er  kiln  metre  of  :,  ,-,,pp,-r  \\in-.  j,  cm.  ra.liu>. 

7.  Find  the  n>istaiiee  per  mile  of  7  ^  ami  1    is  n.pp. 

8.  Thivc  poj,,t>  J,  //,  6f  are  joined  1,\   uires.     BC  is  -J  ohm,.  CA  b 
:{  ohniv  .//;  \t  1  ohm.      What    i-  the  redftanOfl   !«•  a  eiim-nt   ofl  am; 
which    Mton    at     /;   ami    leave,   ;,(     Q\      What    is    the    current    in    each    uire 
What    i,  the   I     \l    I     1,,-tu,-,  n    //  ami   (  '  ami   l.et\\eeli   ./   ami  (7? 

9.  The   redttaDOM  ..f  the   rfdM  -//»',  BC,  CD,  J>A  ami  of  the.lia-onal 
AC  of  a    .jMa.lrilalrr.il    aiv     I.    2,    ::.    I    all.)    '_'    re>pe,-|  i\  el  \         \\liat     ix    |1 

ih«'   uhole   to   a    runviit    entering  at  A   ami    lea\in-    at  Cl 

10.  T\\..  pi  f.-  joine.l  l.\  t\\o  \\jre8of  resist  a  n<  -r>  :.  oh  m  > 
ami  .'{ohms.     Th.'  p..trnti.i|  .lill'm-nrr  I.etueeii    ./  an.  I  /,'  i-  maintained  at 

!•   V.'lt-v        Fin.l    (he   hrat    <le\e|oj.r.|    |.rr   ininutr   in   racli    \\ile. 
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11.  Two  wires  are  joined  in  series.     If  rn  r-i  are  tlieir  re-si  stances,  find 
the  ratio  of  the  quantities  of  heat  generated  per  second  in  them  due  to  the 
passage  of  a  current 

12.  If  two  points     maintained  at  a  constant  difference  of  potential — 
are  joined  up  l»y  several  wires,  shew  that  the  quantities  of  heat  liberated 
per  x-voiid  are  proportional  to  the  conductivities. 

13.  What  is  the  resistance  of  a  50  watt  lamp  on  a  250  volt  circuit  ? 

14.  A  current  of  water  flows  along  a  metal  pipe  at  the  rate  of  3  litres 
per  minute.     It  enters  at  a  temperature  of  13'8°  C.  and  leaves  at  17"2°C. 
Tins  rise  is  caused  by  the  heat  developed  by  a  current  of  electricity  which 
flows  along  the  pipe.    If  the  current  is  12  amperes,  find  the  E.M.P.  between 
the  ends  of  the  pipe  and  the  resistance. 

15.  A  current  of  1-2  amperes  flows  along  a  wire  6  metres  long  of 
resistance  8*5  ohms.    Find  the  fall  in  potential  per  cm.  along  the  wire. 

16.  A  galvanometer  has  a  resistance  of  30  ohms :  its  terminals  are 
shunted  with  a  wire  of  resistance  5  ohms.     What  fraction  of  the  whole 
current  passes  through  the  galvanometer? 

17.  With  what  resistance  must  a  galvanometer  of  resistance  '2  ohm  be 
shunted  if  only  '01  of  the  main  current  passes  through  the  galvanometer  ? 

18.  How  many  amperes  must  be  passed  through  a  resistance  of  100 
ohms  to  convert  1  grin,  of  water  per  minute  into  steam  ? 

19.  A  current  of  2'1  amperes  passes  through  a  spiral  of  wire  of  re- 
sistance 10*2  ohms  immersed  in  a  liquid  contained  in  a  jacketed  vessel. 
4'2  grins,  of  the  liquid  boil  away  per  minute.     What  is  the  latent  heat 
of  vaporisation  of  the  liquid  ? 

20.  The  poles  of  a  cell  are  joined  by  two  lengths  of  wire  cut  from  the 
same  reel :  one  wire  is  twice  the  length  of  the  other.    Which  wire  will  be 
the  hotter  ?    In  which  is  the  greater  heat  produced  ? 

21.  The  resistance  of  two  wires  in  series  is  36  ohms,  in  parallel  8'89. 
What  is  the  resistance  of  each  ? 

22.  Two  places  are  kept  at  a  difference  of  potential  of  15  volts.     They 
are  connected  by  three  wires  in  parallel  of  resistances  2,  3,  and  4  ohms. 
What  is  the  current  in  each  wire  ? 

23.  The  resistance  of  a  galvanometer  is  25  ohms.    With  what  resistance 
is  it  shunted  if  one-twentieth  of  the  whole  current  passes  through  it  ? 

24.  A  circuit,  the  total  resistance  of  which  is  20  ohms,  has  in  it  a  5  ohm 
coil.     What  must  be  the  resistance  of  a  shunt  for  the  coil  which  will  cause 
the  heat  generated  in  the  coil  to  fall  in  the  ratio  of  3  : 1  ? 

25.  The  difference  of  potential  between  the  terminals  of  an  incandescent 
lamp  is  230  volts.    The  current  taken  is  -2^  ampere.     How  many  ergs  per 
second  are  used  and  how  long  will  it  be  before  sufficient  heat  is  generated 
to  raise  the  temi>erature  of  a  litre  of  water  ten  degrees  .' 
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26.     If  .S  \v;itt>  :nv  required  for  each  candle  power  in  carbon  lamps, 
what  current  does  a  16  c.p.   HM»  volt  lamp  requi! 


27.  Twelve  wires,  each  of  :i  ohms  resistance,  are  joined  up  to  form  the 
edges  of  a  cube.      A  current  of  •.">  ampere  Hows  in  at  one  Corner  and  out  at 
the  diagonally  oppo>itc  corner.      Kind  the  current  in  each  wire,  the  r 
ance  of  the  frame  and  the  i1.  D.  between  the  opposite  corner-. 

28.  A  current  of  .'>  ampero  pa»c>  through  a  wire  of  re>i>tance  '4  ohm. 
How  many  calories  will  IKJ  generated  in  an  hour? 

29.  A    wire   is  uniformly  stretched   by  one  hundredth  of  its  length. 
A»imiiiiir  that  the  volume  and  specific  resistance  are  unaltered,  compare 
the  resistances  per  metre  before  and  after  stretching. 

30.  Six  wires  are  joined  together  so  as  to  form  a  regular  tetrahedron. 
The  current  Mows  in  at  one  corner  and  out  at  another.     Find  the  resistance 
of  the  network  if  each  wire  is  of  resistance  1  ohm. 

31.  Find  from  definition  of  the  Ohm  the  specific  resistance  of  mercury. 

32.  A  square  ABCJ)  is  formed  of  a  uniform  piece  of  wire,  and  the 
centre  is  joined  to  the  middle  points  of  the  sides  by  straight  wires  of  the 
same  material  and  cross  section.     A  current  is  taken  in  at  A  and  is  drawn 
off  at  the  mid-i»oint  of  BC.     Find  the  equivalent  resistance  if  a  side  of  the 
square  is  k  ohms. 

33.  Ay  ^  C,  D  are  four  points  in  succession  at  equal  distances  along  a 
wire  :  and  A,  C  and  B,  D  are  also  joined  by  two  other  wires  of  the  same 
length  as  the  distances  between   thoe  pairs  of  points  measured  along  the 
straight  wire.    If  a  current  enters  the  network  thus  formed  at  A  and  1 

it  at  1).  shew  that  one-fifth  of  it  pa>se>  along  BC. 

34.  Ali  is  a  wire  of  uniform  length  and  thicknos    resistance  3  ohms) 
and  i>  trisected  at  C  and  D.     AC,  ('It  arc  joined  by  wires  of  resistance  1 
and  •_'  olmiv  re-pcrlivcly  and  BD,  DA  are  joined  by  wires  of  resistance   1 
and  •_'  ohm-.     The  current  enters  at  Cand  leaves  at  I).     Find  the  resistance 
of  the  network. 


CHAPTER   V 


THE   E.M.F.    AND   RESISTANCE   OF   A   CELL 

55.  Change  of  P.D.  with  current.  We  have  hitherto 
made  no  distinction  between  Electromotive  Force  and  Po- 
tential Difference.  It  is  necessary  now  to  define  what  we 
mean  by  the  "Electromotive  force  of  a  cell."  Perform  the 
following  experiment. 


Fig.  37. 


Take  a  cell  and  join  its  terminals  to  a  voltmeter.  Join 
them  up  also  through  an  ammeter  and  a  variable  resistance 
in  series  (see  fig.  37).  Take  a  series  of  readings  of  the  volts 
(B),  amperes  (C),  and  resistance  (R). 


E 

C 

R 

CR 

0 

infinite 

Electromotive  Force 
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From  this  experiment  you  will  see  that  the  electromotive 
f<  »i  <  e  between  the  poles  of  the  cell  (or  the  potential  difference 
between  them)  i<  not  constant,  but  is  dependent  on  the 
current  which  the  cell  is  Li'miiir:  the  greater  the  current,  the 
less  is  the  E.M.F.  (or  IMU  registered  by  the  voltmeter.  By 
the  •electromotive  force  of  the  cell"  we  mean  the  E.M.F.  or 
P.D.  between  it-  terminals  when  the  cell  is  not  giving  any 
current  at  all.  Thus  if  we  say  that  the  E.M.F.  of  a  Daniell 
cell  is  PI  volts,  we  mean  that  the  E.M.F.  (or  P.D.)  between 
the  poles  that  would  be  registered  by  a  voltmeter  is  PI  volts 
if  the  cell  is  not  being  used  to  give  a  current.  If  however  the 
cell  i>  -iviiiLT  a  eimvnt.  the  E.M.F.  of  the  eell  is  still  PI  volts, 
hut  the  E.M.F.  (or  P.D)  between  its  terminals  will  be  less  than 
11  volts.  (See  also  Art  63.) 

56.  Hydraulic  Model.  It  i>  ea-y  to  illustrate  this  fall 
in  potential  difference  by  a  hydraulic  model.  ABDE  is  a 
pipe  containing  water.  C  is  a  tap,  shewn  closed  in  the 
diagram.  F  is  a  rotary  pump.  At  B  and  D  are  vertical 
pipes  which  act  as  gauges.  The  difference  in  the  levels  of 
the  water  in  these  pipes  gives  the  difference  in  pressure 
between  tt  and  D. 

It  the  pump  is  at  rest,  the  water  will  be  at  the  same 
nt  on  each  side:  but  if  the  wheel  is  being  turned  at  a 
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constant  rate  in  the  diivrtion  of  the  arrow  it  will  tend  to  suck 
the  water  out  of  the  ii-lit  hand  half  and  push  it  into  the  left. 
The  gauges  will  mark  this  and  shew  the  water  in  the  left- 
hand  sick-  higher  than  in  the  right.  This  pressure  difference 
between  the  sides  will  remain  constant  as  long  as  the  wheel 
is  turned  at  a  constant  rate,  but  if  the  tap  C  is  closed,  the 
machine  can  drive  no  current  along  BD.  Now  let  the  tap  C 
be  opened  to  some  extent:  the  water  begins  to  flow  and  we 
have  a  current  from  B  to  D.  If  the  rate  of  turning  still 
remains  the  same  as  before,  this  current  will  soon  be  steady 
and  the  water  in  the  vertical  tubes  will  take  up  new  levels. 
B  will  be  lower,  D  higher  than  before,  shewing  that  the 
pressure  difference  between  the  sides  has  fallen.  Further 
the  more  the  tap  is  opened  (i.e.  the  less  the  "resistance"  of 
the  circuit)  the  greater  will  be  the  current  and  the  less  the 
pressure  difference  between  the  sides.  We  might  speak  of 
the  difference  in  level  when  no  current  is  allowed  to  flow  as 
the  "motive  force  of  the  machine  "  ;  the  difference  in  level,  if 
a  current  is  flowing,  will  always  be  less  than  this  "motive 
force."  It  might  be  called  the  pressure  difference  or  motive 
force  between  the  sides  of  the  machine. 

57.  Internal  Resistance  and  Ohm's  Law.  Take  the 
readings  in  the  experiment  of  Art.  55,  or  better  still  take  a 
new  set.  Let  the  resistance  range  from  say  \  ohm  to  10  or 
20  ohms.  Measure  the  E.  M.  F.  of  the  cell  by  a  voltmeter.  To 
do  this  it  is  only  necessary  to  join  the  terminals  of  the  cell  to 
those  of  the  voltmeter.  The  voltmeter  is  not  required  further 
in  this  experiment.  Denote  the  E.M.F.  by  E.  Take  readings 
of  the  resistance  (R)  and  the  current  (C). 


E 
C 


-R 
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Now  if  you  have  had  good  instruments  and  have  taken 
careful  readings  you  will  find  that  the  numbers  in  the  last 
column  are  constant.  Call  this  constant  B.  We  have  then 


i.e.    C(R  +  B)=E. 

B  is  called  tin  r<  *t  stance  of  the  cell:  or  we  sometimes  call 
it  the  internal  resistance.  R  is  the  external  resistance.  The 
current  which  the  cell  gives  has  to  pass  through  the  complete 
circuit  :  i.e.  it  has  to  pass  through  the  internal  as  well  as  the 
external  resistance.  We  can  now  i^ive  Ohm's  law  for  a 
closed  circuit. 

The  ratio  of  the  electromotive  force  of  a  cell  to  the  current 
which  it  irives  is  equal  to  the  total  resistance  of  the  circuit 

E  =  C(R  +  B). 

A  convenient  means  of  shewing  the  result  of  this  experi- 
ment graphically  is  to  plot  a  curve  between  the  reciprocal  of 

the  current  f  ^J  and  the  external  resistance  (R). 
Such  a  uraph  is  shewn  in  fi^.  39. 


5         10        15        20        25 
Externa/  resistance  in  ohms. 

Fig.  89. 
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It  i-  plotteo!  from  rending  -<>mr  <>f  which  arc  uhcn  in  the 
talilc  on  tlir  fnllowini:  |»airc. 
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All  the  points  lie  nearly  in  the  straight  \i\\eAB.  This  line 
produced  cuts  oA  in  a  point  D,  corresponding  to  5*4  ohms  ; 
this  must  he  the  resistance  of  the  cell  for  the  graph  shews 

that  R  +  .VI  is  always  proportional  to  ^, 

i.e.  C  (R  +  5 -4)  =  constant 

The  constant  measures  the  E.M.F.  of  the  cell.  It  is  equal 
to  1*8  volts. 

If  you  use  a  tangent  galvanometer,  plot  the  resistance  and 
the  cotangent  of  the  deflection :  for  the  latter  is  proportional 
to  the  reciprocal  of  the  current.  There  is  no  need  to  know 
the  reduction  factor  to  find  the  internal  resistance. 
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58.  To  compare  the  E.M.F.  of  two  cells.  Call  the 
E.  M.  F.S  of  the  cells  E,  E' ;  their  resistances  B,  B'.  Suppose  we 
join  up  each  in  turn  in  series  with  a  galvanometer  or  milliam- 
meter  and  a  resistance.  Call  the  total  external  resistance  R. 
We  shall  get  currents  C,  C'  which  can  be  measured. 

By  Ohm's  law  we  know  E  =  C  (R  +  B) ;  E7  =  C'  (R  +  B'), 


whence 


E 


V     CXR 


R  +  B 


This  relation  would  give  us  what  we  required  if  we  knew 
R,  B,  B'.  If  these  are  not  known,  we  can  still  get  our  result 
if  R  is  very  large  compared  with  B  and  B'.  Thus  suppose 
R  =  1000  ohms,  B  =  1  ohm,  B'  =  '5  ohm. 


Then   E7  =  C7  x  1000;5 


7  X  1'00()05  =      almost  exactly. 


This  shews  that  the  E.M.F.S  of  cells  are  proportional  to  the 
currents  which  they  drive  through  a  large  resistance. 

In  this  experiment  we  do  not  require  the  actual  current 
given  by  the  cells:  we  only  want  to  know  the  ratio  of  the  first 
current  to  the  second.  There  is  therefore  no  real  need  to  use 


;ni  instrument  nTuduated  in  amperes  (or  in  any  subdivision^ 
nf  an  ampere).  We  could  use  a  galvanometer  of  any  kind  in 
place1  of  a  milliammeter. 

59.  Voltmeters.  An  ordinary  voltmeter  is  really  an 
•mmetap  or  galvanometer  in  which  a  high  resistance  i>  inserted. 
\\V  rmihl  use  a  milliammeter  with  a  resistance  of  1000  ohms 
for  finding  the  E.M.F.  of  a  cell.  For  suppose  a  cell  of  E.M.F. 
E  volts  is  joined  up  to  this  :  the  current  produced  would  be 


amperes,  i.e.  E  milliamperes. 

LUUU 


Hence  every  division  on 

the  scale  would  correspond  to  one  volt.  We  have  assumed 
here  that  the  resistance  of  the  voltmeter  is  great  compared 
with  that  of  the  cell.  In  some  cheap  voltmeters  this  is  not 
the  case,  so  that  the  readings  that  they  give  for  small  cells  of 
hi-h  resistance  cannot  be  of  much  value. 


EXAMPLES 


1.  A  cell  gives  a  current  of  l-J  amperes  when  the  external  resistant 
is  p.'i  ohms  and  <»f  -2  amperes  when  the  iv>i>t;m.-e  is  "7  ohm.      What  is  the 
E.M.F.  :unl  resistance  of  the  cell  ? 

2.  A    battery  Drives  a  current  of  C  amperes  through   an   external 

of  R  olmis.  The  values  of  C  ami  R  are  given  in  tin-  following 
tal.le.  Coni{.lete  the  tal.le  :  plot  a  curve  Ketween  1  C  and  R  and  s-»  tiiul 
the  ivHM.mee  and  E..M.H.  of  the  battery. 


C 

118 

•95 

•80 

•eg 

•61 

•54 

•49 

R 

l 

9 

3 

4 

:. 

6 

7 

I/O 

3.      A  inilliaiimirtcr.  resistiinee  '1  ^  ohm-,  -radnated  from  n  to  su  niilli- 

amperee  is  tobeiued  as  a  voltmrt.  i  \<-  M-I-I.  r  up  to  -8  volt    With  what 
extra  resistance  should  it  be  put  in  -Ties  ? 


4.      A    pork.  -I    fOttmetor   is  correctly  graduated   l.ut    ha>  a   re-iM.niee  Of 

only  (oteM     NVI.:,t  uill  l»e  its  reading  wl.n,  uttadu-d  u>  a  LHuiicll  of  K.  M.  P. 

I  us   \,,|tx  ;u..l   frH>t:iliec  78 
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5.  A  voltmeter  of  resistance  8  ohms  is  graduated  from  0  to  5  volts. 
With  what  resistance  should  it  be  put  in  series  it'  it  is  intended  to  register 
up  to  150  volte  ? 

6.  A  cell  has  an  E.  M.  F.  of  2  volts  and  a  resistance  of  *5  ohm.     Plot  a 
curve  to  illustrate  the  relation  between  external  resistance  and  the  P.D. 
between  the  poles. 

7.  What  current  is  produced  by  a  cell  of  E.M.F.  1*5  volts  and  resistance 
•5  ohm  in  an  external  circuit  of  375  ohms  ? 

8.  What  K.  M.  F.  is  necessary  to  drive  a  current  of  6  amperes  through  a 
wire  of  resistance  of  1*5  ohms  ? 

9.  The  voltage  of  a  town  supply  is  230.    A  16  c.p.  lamp  takes  a  current 
of  •:>.")  am])crc.     What  is  the  resistance  of  the  lamp  ? 

10.  A  cell  of  E.M.F.  T6  volts  is  used  to  ring  a  bell.    The  resistance  of 
the  cell  is  -2  ohm,  that  of  the  connecting  wires  T8  ohms,  and  that  of  the 
l>ell  1  '5  ohms.     What  current  will  be  produced  when  the  circuit  is  closed  ? 

11.  A  cell  gives  a  current  of  5'2  amperes  through  a  resistance  of 
•3  ohm.     What  is  its  resistance  if  its  E.M.F.  is  2*3  volts? 

12.  The  readings  of  a  voltmeter  attached  to  the  terminals  of  a  cell  are 
'96  and  '8  when  the  readings  of  an  ammeter  in  the  circuit  are  2  and  2'5. 
Find  the  readings  when  the  total  external  resistance  is  '213  ohm.    What 
is  the  resistance  and  E.M.F.  of  the  cell  ? 

13.  A  cell  has  a  resistance  of  2  ohms  and  an  E.M.  F.  of  T6  volts.    What 
is  the  P.D.  between  its  terminals  when  connected  to  a  wire  of  resistance 
6  ohms  ? 

14.  Find  a  relation  to  connect  the  current  given  by  a  cell,  its  resistance, 
E.  M.  F.  and  the  voltage  between  its  terminals. 

15.  What  relation  is  there  between  the  internal  and  external  resistance 
in  a  circuit  if  the  E.M.F.  of  the  cell  is  50°/0  greater  than  the  P.D.  between 
its  terminals  ? 

16.  The  terminal*  of  a  battery,  of  E.M.F.  4  volts  and  resistance  3  ohms, 
are  connected  by  a  wire  of  resistance  9  ohms.     By  how  much  is  the  P.D. 
between  them  reduced? 

17.  Find  the  current  and  the  P.D.  between  the  poles  of  a  cell  in  the 
following  cases: 

(1)  ^=2'4  volts,     B=  '5  ohm,      R=  3' 1  ohms; 

(2)  ^=5-3  volts,     5=2-4  ohms,     7?=10     ohms. 

18.  A  cell  gives  a  current  of  '25  ampere  in  a  coil  of  resistance  2  ohms. 
If  its  internal  resistance  is  "2  ohm,  find  its  E.  M.  F.  and  the  p.  D.  between  its 
poles. 


CHAPTER    VI 


PRIMARY   CELLS 
GO.    Heat  produced  by  action  of  acid  on  zinc.    Take  a 

test  tul»e  half  full  of  dilute-  sulphuric  acid  and  find  its  temperature.  Wei-h 
<>iit  ^"ine  xinc  tiling  :  '-  i^rni.  will  he  ahout  the  proper  amount.  I'ut  the 
zinc  into  the  acid.  Chemical  action  takes  place.  /inc  sulphate  is  formed 
as  the  zinc  dissolves  and  hydrogen  is  liberated.  When  the  action  has 
ceased  read  the  temperature.  Neglect  the  difference  between  the  sjK-citie 
heat  ••!' the  solution  ami  that  of  water:  neglect  also  the  water  equivalent  of 
the  test  tube  and  the  loss  of  heat  that  must  take  place  during  the  reaction. 
Calculate  the  heat  e\ol\ed  in  the  experiment  and  thence  the  heat  generated 
l»y  the  solution  of  one  gramme  of  /.inc  in  dilute  sulphuric  acid.  If  the  /inc 
does  H"t  dissolve  quickly  the  action  may  l>c  accelerated  by  the  addition  of 
.-iipp«-r  turning  <«r  a  /////<•  copper  sulphate. 

61.  Simple  Cell.  Ordinary  /inc  is  not  pure:  it  contains 
-mail  <|iiantities  of  arsenic  and  iron  and  load.  It  is  said  that 
<|iiitc  pure  /.inc  would  not  IK-  acted  on  1>\  the  acid:  sncli  /inc 
i-  not  casih  procurable.  If  however  ordinary  /inc  is  first  of 
all  cleaned  with  dilute  acid  and  then  dipped  into  mercury, 
the  t\\o  metals  combine  and  form  an  amalgam.  Amalgamated 
/inc  i-  not  readily  attacked  1>\  dilute  sulphuric  acid. 

Take  a   beaker  of  dilute  sulphuric  acid   and  dip  into  it   a 
rod  or   plate   of  amalgamated   /inc.      I  )oe>  am   reaction  take 
place  '      No\v  di|i  into  the  heaker  a  conductor  (copper,  plati 
num.  earhoin  which  i-  not  attacked  l.\   the  dilute  acid.      Docs 
thi-  produce  an\   etfect? 

N«»\\  join  the  /inc  and  copper  toother  l»\  a  wire.  What 
hajipcn^  <  1  )  at  the  copper.  <->  ;it  the  /.inc.  (.'{)  in  the  wire? 

Te-t  i:{  i  l.\  eoiineetini:  t  hn.iiLili  an  ammeter  and  resistance 
and  not<-  the  reading  iniiucdiatclN  the  connection  i-  made 
and  Bee  if  it  remains  constant  f«»i-  the  tir-t  half  minute. 
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62.  A  Smee  Cell  consists  of  :i  plate  of  amalgamated  /inc  and  a 
plate  «»f  silver  roughened  l>y  a  deposit  of  platinum.  Thoe  aiv  dipped  into 
.a  vessel  containing  dilute  sulphuric-  aeid.  The  action  is  exactly  like  that 
of  ;i  .simple  cell,  luit  the  roughness  on  the  silver  enaMes  the  hydn^rii 
formed  to  eseajn.'  quickly  when  the  circuit  is  completed  so  that  the  roll 
gives  a  more  reirular  and  continuous  current. 

63.  The  E.M.F.  of  a  cell.  If  a  gram  of  zinc  is 
di>M>lvi'd  iii  acid  a  certain  definite  amount  of  heat  is  liberated. 
This  quantity  is  independent  of  the  rate  at  which  the  /inc  is 
di^olved.  It  does  not  matter  if  the  solution  takes  place  in  a 
flask  or  in  a  simple  cell.  There  is  however  this  difference. 
If  the  zinc  is  dissolved  in  a  flask  in  the  ordinary  way,  all  the 
heat  generated  is  liberated  in  the  flask  :  if  the  zinc  is  dis- 
solved in  a  simple  cell  while  a  current  flows  round  the  circuit, 
some  of  the  heat  is  expended  in  warming  the  wire,  the  rest  in 
warming  up  the  cell. 

Suppose  the  resistance  of  a  simple  cell  is  B  ohms  ;  let  the 
poles  be  joined  by  a  wire  of  R  ohms.  Suppose  a  constant 
current  of  C  amperes  flows  round  the  circuit  for  t  seconds. 
Then  we  know  (Joule's  Law)  that  the  heat  liberated  in  the 
wire  is  "RC-t  -H  4*2  calories ;  that  in  the  cell  is  BC2£  -=-  4*2, 

Q2/ 

total  heat  =  (R  +  B)  —  . 

The  total  charge  that  passes  in  the  t  seconds  is  Ct  coulombs. 
Faraday's  laws  tell  us  that  one  coulomb  of  electricity  is  asso- 
ciated with  "00034  grm.  of  zinc.      Hence  the  zinc  dissolved 
in  the  cell  during  the  passage  of  Ct  coulombs  is 
•00034  x  Ctgrm. 

Now  we  may  find  by  a  method  similar  to  that  of  Art.  60 
that  the  solution  of  one  gramme  of  zinc  gives  rise  to  an 
evolution  of  580  calories.  Hence  when  '00034  Ct  grm.  are 
dissolved  we  have  580  x  '00034  Ct  calories. 

If  we  may  assume  these  two  values  of  the  heat  to  be  equal, 
we  get 

580  x  -00034  Ct  =  ***  C% 
4*2 

i.e.  (R  +  B)  C  =  -00034  x  4'2  x  580  =  -83. 

Now  Art  57  tells  us  that  (R  -f  B)  C  is  the  electromotive 
force  of  the  cell.  We  expect  then  the  E.M.  F.  of  a  simple  cell 
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to  be  ulxmt  U'J  volt.     The  K.M.F.  of  most  other  cell>  i>  hiirhcr 
localise  further  chemical  actions  take  place. 

\\e  have  this  definition  thru:  the  electromotive  force  of 
a  cell  N  inea>iired  by  the  total  heat  nenerated  in  the  chemical 
action  which  must  occur  when  a  (XHDdomb  of  electricity  pas>e^ 
through  the  cell. 

64.  Polarisation.     Take  a  simple  cell:  connect   it   up 
through  a  low  resistance  (say  J  ohm)  and  ammeter:  note  the 
current  and  see  if  it   remains  constant.     It  is  convenient  to 
ii-c    a  rod  of  amalgamated  /inc   in   this  experiment  and   a 
fairly  lar.ire  plate  of  copper.     The  whole  experiment  is  often 
finished  in  a  few  seconds:  but  it  may  be  repeated  after  the 
copper  plate  has  been  washed  under  the  tap. 

After  a  simple  cell  Iras  been  in  use  for  a  few  seconds  the 
(in  rent  it  .irives  is  found  to  diminish  considerably.  The  cell 
is  then  -aid  to  l>e  polarised.  This  polarisation  is  due  to  the 
bubbles  of  hydrogen  which  collect  all  over  the  copper  plate. 
These  bubbles  have  two  effects:  they  keep  the  solution  off 
tlu  copper  and  >o  increase  the  resistance  of  the  cell;  they 
al-o  set  up  what  is  known  as  a  back  E.M.F.  (v.  Art  24). 

65.  Daniell  Cell.     Several  cells  have  been  devised  to 
get  rid  of  polarisation  and  so  obtain  a  constant    source  of 
i:.  M.I.      In  the  Daniell   the  copperplate  is  surrounded  by  a 
>tron«r  solution  of  copper  sulphate.     The  Imlrouvn  inMcad  of 
collecting  on  the  copper  acts  on  this  solution,  and  i>  replaced 
b\  copper 


Dilute  Acid- 
Porous  Pot  - 


Crystals  of 
Copper  Sulphate 


Copper  Vessel 

Solution  of 

CopperSulphatc 


Fig.  40. 
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The  copper  is  deposited  on  the  copper  plate.  The  strength 
of  the  solution  would  gradually  decrease  :  l>nt  to  keep  up  the 
concentration  crystals  of  the  salt  may  be  placed  on  a  ledge 
round  the  top  of  the  vessel.  The  earthenware  vessel  and 
plate  of  copi>er  are  often  replaced  by  a  copper  vessel  as  in 
fig.  40. 

Now  xinc  must  not  be  placed  in  copper  sulphate  because 
the  copper  from  the  solution  would  be  deposited  on  it.  It  is 
therefore  necessary  to  keep  the  zinc  and  copper  sulphate  in 
separate  compartments  in  the  cell.  This  is  conveniently  done 
by  having  an  inner  porous  pot.  In  this  is  placed  dilute 
sulphuric  acid  and  the  rod  of  zinc.  The  pot  must  be  porous : 
otherwise  no  current  could  pass  through  the  cell.  In  the 
original  eell  made  by  Daniell  in  1836  the  "porous  pot"  was 
the  wind  pipe  of  an  o\. 

66.  Grove  and  Bunsen  Cells.  In  both  these  nitric 
acid  is  used  as  a  depolarising  agent.  As  this  would  rapidly 
dissolve  copper,  another  substance  must  be  found  for  the 
positive  pole :  it  is  platinum  in  the  Grove  and  carbon  in 
the  Bunsen.  A  porous  pot  is  necessary  to  keep  the  zinc  out 
of  reach  of  the  nitric  acid. 


Strong 
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Sheet  o/_ 
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Fig.  41. 

Ill  the  Grove  (fig.  41)  the  sheet  of  platinum  is  usually  placed 
in  a  narrow  porous  pot  which  holds  the  nitric  acid :  the  outer 
vessel  holds  the  zinc  and  sulphuric  acid.  In  the  Bunsen  the 
/inc  and  sulphuric  are  usually  placed  in  the  porous  pot;  the 
outer  vessel  holds  the  carbon  and  nitric  acid. 


Common 


61 


The  cells  have  a  lii«rh  K.  M.F.  and  low  resistance  hut  their 
use  U  rc-tricted  on  account  of  the  fumes  which  aiv  liberated 
from  the  nitric  acid.  II.,  +  i>HX<  >  =  -JIIJ  )  +  L>NOa. 

67.  The  Chromic  Acid  Cell.  The  constituents  of  tliis 
are  zinc,  carbon,  sulphuric  acid,  chromic  oxide  ((YO.,)  or 
potas>ium  bic  hiomate.  The  last  is  the  depolari>er.  No 
pon.iis  pnt  i-  necessary.  The  /inc  plate  is  usually  so  arranged 
that  it  can  be  lifted  up  out  of  the  acid  when  the  current 
i-  not  required. 


„  Zinc  plate 

Carbon  plate 
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romic  Oxide  & 
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Fig.  42. 

68.  The  Leclanche  Cell.  The  poles  of  tlii>aiv  carbon 
and  /inc;  the  depolari>er  i>  inan-anc'-e  dioxide:  sulphuric 
acid  i>  replaced  by  a  xilution  of  salanunoniac.  When  the  cell 
i-  in  use.  the  /inc  acts  on  the  salanmioniac.  /inc  chloride  i- 
foi-nied  and  ainiuonia  and  hydrogen  liberated. 

/n  -  i>\  1 1  ,<  '1  =  /n(  '1,  +  2NH,  +  H2. 
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The  anummia  escapes  but  the  Imlmuen  unites  with  the 
manganese  dioxide  to  form  water  and  a  lower  oxide.  The 
carbon  plate  i-  uvnerally  put  in  a  porous  pot:  this  is  packed 
round  with  manganese  dioxide  and  the  pot  sealed. 

This  cell  quickly  polarises  so  that  it  will  not  give  a  large 
cm-rent  for  any  length  of.  time.  Its  chief  merit  consists  in 
the  fact  that  it  is  not  spoiled  by  standing,  and  that  it  rapidly 
recovers  its  normal  voltage  and  resistance  after  use.  It  is 
admirably  adapted  for  ringing  electric  bells,  but  would  be 
(|iiite  unsuitable  for  lighting  a  lamp  for  more  than  two  or 
three  minutes. 

69.  The  Dry  Cell.     This  is  much  like  the  Leclanche. 
The  positive  pole,  carbon,  is  placed  in  the  centre.     Round  it 
i>  packed  a  damp  paste  of  salammoniac,  manganese  dioxide, 
plaster  of  Paris.     The  outer  vessel  is  made  of  zinc  and  acts  as 
the  negative  pole.     It  is  closed  by  a  layer  of  pitch.     This  cell 
has  the  merits  and  defects  of  the  Leclanch^  but  the  contents 
cannot  spill. 

70.  The   Clark  Cell  supplies   us   with  a  standard  of 
electromotive  force.     It  is  not  used  to  give  a  current  and 
should  never  be  put  in  circuit  except  with  an  extremely  high 
resistance.     It  is  usually  of  very  small  size :  being  set  up  in  a 
test  tube  about  two  inches  deep  and  an  inch  in  diameter. 
The  positive  pole  is  mercury :  this  is  joined  to  the  terminal 
by  a  platinum  wire.     The  negative  pole,  as  usual,  is  of  zinc. 
The  mercury  is  at  the  bottom  of  the  cell,  above  it  a  paste  of 
inercurous  sulphate,  then  a  paste  of  zinc  sulphate  in  which 
the  zinc  rod  is  immersed.     TJie  whole  is  covered  by  a  layer  of 
pitch. 

The  E.  M.  F.  of  the  cell  is  1  '434  volts  at  1 5°  C.  It  falls  about 
•001  volt  for  every  degree  rise  in  temperature.  The  cell  is 
often  fitted  with  a  thermometer  so  that  the  E.M.F.  may  be 
corrected  for  rise  or  fall  of  temperature. 

The  Weston  Cell  supplies  us  with  another  standard  of 
electromotive  force.  It  is  similar  to  the  Clark,  but  the  zinc 
and  zinc  sulphate  of  the  latter  are  replaced  by  cadmium 
amalgamated  with  mercury  and  cadmium  sulphate.  Its 
advantage  is  that  its  E.M.F.  of  1*019  volts  is  almost  constant 
at  ordinary  temperatures. 
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71.     Grouping  of  Cells.     (1)   Series.     Suppose  we  have 

a  battery  of  evils  joined  up  in  serio:  then  the  same  current 
nm>t  pa—  through  each  of  them.  Now  when  a  coulomb  of 
electricity  passes  tlin>u-h  a  primary  cell.  -ooo;U  grin,  of  /inc 
are  necessarily  dissolved.  The  heat  generated  by  the  solu- 
tion of  the  /inc  and  by  any  other  chemical  action  which 
may  take  place  measures  the  E.M.F.  of  the  cell.  If  then 
there  are  .<  cells  in  series.  -00034  x  8  gnu.  of  /inc  per  coulomb 
must  be  dissolved  so  that  the  E.M.F.  of  the  battery  must  be 
>•  time-  that  of  one  cell.  The  resistance  is  also  s  times  that 
of  one  cell. 

A  battery  then  of  lo  cell-  in  >eries  each  of  E.M.F.  1'4  volts 

14 

and  re-i-tanee  -~>  ohm  would  drive  a  current  of  -        _  ampere 

15  -f  5 

through  an  external  resistance  of  15  ohms. 

///  i,,i,;illt-l.  If  on  the  other  hand  we  join  up  all  the 
positive  pole-  of  />  cells  together  to  one  terminal  and  all  the 
negative  to  another  and  thus  arrange  them  in  parallel  (or 
abreast):  then  when  one  coulomb  passes  through  the  external 

circuit.        coulomb  will  pass  through   each  cell  so  that  the 

total  /inc  dissolved  in  the  batters  i-  only  'OOO.'U  <:rm.  per 
conlonib.  In  other  words  the  E.M.F.  of  the  i>  cells  in  parallel 
i-  "lily  that  of  one  cell.  The  current  pa  — ini:  through  the 
batterx  ha-  //  different  ]>ath>:  the  rc-sistaiice  is  therefore 

of  that  of  a  -in-lc  cell.      It  is  evident  that  a  battery  of  little 

cell-  joined  in  parallel  i>  equivalent  to  a  .-iiiije  lar^e  cell. 

A  batterx  of  111  cells  in  parallel  each  of  I-:.  M.  I  .   1 '  1  vo||>  and 

redataoce    •."»  ohm   would   di-ive  a   current   of  _^.  ami»ci-c- 

tlirouirh  an  external  rr-i-tancc  of  '1  ohm. 

,,<!   rfrrHft.      Another  method   of  «:Toiipin«:   i-   to 
RlTAIIge  the  celU  in  row*,  each  rox\  containiiiL:  >exeral  cell-  in 
>eries.      Thu-  >uppo-e  \\  e  hax«-  //>  <-ell>  each   <.f  K.  xi.  F.  E  and 
reefetance   B    ur  could    ha\e  />   pai-allel    rows,  each   row   con 
tainini:  >  cell-  in  Wrieft      I  In  the  fiiilire  there  are  twelve  celU 
tliex  ;ire  arran-cd  in  three  parallel  ro\\-  of  four. )     Tin    I  .  xi  i 
of  the  /»'  cell-  i-  e\  identlx    t  hat  <  »f  a  -in-  le  r«  >\\       i.e.  sE.      Tin- 
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resistance  of  a  row   is  ,>-B,  the  resistance  of  the  ^  rows  is 
therefore  -B.     The  current  the  battery  will  .irive  through  a 

resistance  R  is  therefore 

,sE  iwB 

i  e    — — 

'  '-u  --»  +  8B  ' 


s  columns 


p  rows 


nnn 


Fig.  44. 

72.  Maximum  Current.  With  a  given  number  of  cells 
what  arrangement  should  be  made  to  obtain  the  maximum 
current  through  a  given  external  resistance  ?  If  the  external 
resistance  is  very  large,  the  cells  should  be  arranged  in  series  : 
if  the  external  resistance  is  very  small,  they  should  all  be 
joined  abreast. 

The  third  grouping  is  useful  when  the  external  resistance 
is  comparable  with  that  of  the  cells.  If  we  have  n  cells, 
where  n  can  be  factorised,  our  problem  is  to  find  the  factors 

p  and  8  which  make  -~ — ^_  a  maximum.    This  expression  is 

a  maximum  when  the  denominator  pR -f- aB  is  a  minimum. 
Now  the  product  of  pR  and  #B  is  fixed  (=  riKB)  ;  their  sum 
is  therefore  least  when  they  are  equal  to  one  another.  (A 
rectangular  figure  of  given  area  has  least  perimeter  when  it  is 
a  square.)  We  get  then  the  maximum  current  if  we  can  make 
pB,  equal  to  «B.  An  example  will  make  this  more  evident. 

Suppose  we  have  24  cells  each  of  E.M.F.  1*5  volts  ;m<l 
resistance  1*2  ohms:  how  should  they  be  arranged  to  give  the 
maximum  current  through  an  external  resistance  of  '45  ohm? 


Current  65 

Divide    the    :M   cells    into   r    -roii|>-.    each    consisting   of 

/     24\ 

cells  joined  in  scries.     Then  the  i:.  M.r.  of  each  -ronp 

\     I' 

i-    r.'ix  volts,  the   rc-i-iaiice    \"2s  ohms.      If  the  ^  -ronps  are 
joined  in  parallel,  the  E.M.F.  of  the   battery  BO  formed  i>  Mill 

r.">x  volt-,  but  the  re>i>tance  i-  ,,nlv       of  l^x. 

P 
Hence 


P 

To  make  thi>  a-  larirc  as  ])o»il»le  we  inn^t  >o  aiTaimv  y>  and  s 
that  l^x  -  'l.'v/  i>  as  small  as  possible.  This  is  done  by 
putt  in-  \-l*  -  -l.'yy. 

i.e.  »x  «  \\i>. 

lint  y/x  =  L>1.  so  that  we  mn>t  have  x  =  3,  p  =  8. 
Substituting  we  -ct  that  the  maximum  cm-rent 

1  •:,  x  24 


EXAMPLES 

1.  Wliy  i>  tlic  >ini)»lc  cc-ll  uiiMiital.lr  fur  irriu-nil 

2.  II"U   many  cell-.  r;irli   «  >t"  iv-i-t;t)uv  •."»••  hill   alltl  K.M.C.    -Jvi.lt>.  would 
be  requiri-il  \.«  «lri\c  a  ninvnt  «>f  1  ampi-iv  tlirun^h  a  lamp  ••!' 

•J.'i  "I  i 


3.  Vulta'x  pile  coHH-t«  .1  ol  .••.|»|»T.  /iiu-,  and  Manm-l 

with   ililutr  arid,  arraiiiri'd   in  tlir  ti.lln  \\ini:   «.rd«-r:   mpprr.  /.iiu-, 
tlaliln-1  ;   copprr.  /ilir.  Hainu-l.  rtc.     Why  would  not  thiv  -i\r  a   lar-'i-  rum-lit    ' 

l-'"i-  what  purposes  could  it  !•<•  uned? 

4.  -    «-»-ll  of  K.M.K.  J'.'J  \««lt-  i-  o'limvtrd   up  t«>  t  \\  «•  circuit-  in 
pan.llrl.       In    tin-  OHC  i>  a  Vnltnict.T  of  \cry  |,i-_di   I'.-iMaii.  -.-  whi.  ! 

I  (i  \..|(>  ;    iii  tlir  iitlirr  ix  a   fWi  P    pl:icc.|   in   MTU-   \\ith  all  alillnrtiT 

jlrjil'lc  fcH-tancc  \\ln.li  lia^rraui  of 

tlir  apparatus       Kilnl  tlir  rr>i-t  am  •••  ..f  tli«'  mil  and  ••!'  tlir  crll,  and  th< 

at    \\hirh   tlir  crll    iv   \\.irklllg. 
NS 
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5.  Eight  cells,  each  of  E.M.  F.  1  volt  and  the  resistance  '5  ohm,  are 
arranged  in  series,  and  the  terminals  joined  by  a  whv  of  4  ohms  resistance 
immersed  in  100  c.c.  of  water.    The  current  is  passed  for  five  minutes.    Find 
the  rise  in  temperature  of  the  water. 

6.  Can  two  pieces  of  the  same  metal  immersed  in  a  solution  produce  a 
current  ?    Explain  the  current  produced  when  the  platinum  electrodes  of 
a  voltameter,  recently  in  use,  are  joined  up  to  an  ammeter. 

7.  What  is  the  function  of  a  porous  pot  in  (1)  the  Daniell  cell,  (2)  the 
Grove  cell  ?    Why  must  the  pot  be  porous  ? 

8.  Two  vessels,  one  containing  a  copper  plate  and  a  solution  of  copper 
sulphate,  the  other  a  plate  of  zinc  and  dilute  sulphuric  acid,  are  connected 
by  an  inverted  U  tube  filled  with  dilute  acid.     The  plates  are  joined  by  a 
wire.     Explain  carefully  what  takes  place  in  the  wire,  in  the  tube,  and  in 
the  two  vessels  ? 

9.  Explain  fully  why  the  bubbles  on  the  copper  plate  of  a  simple  cell 
affect  the  current 

10.  Can  you  give  any  reasons  why  the  common  primary  cells  have  zinc 
for  the  negative  pole  ?    Could  a  cell  with  iron  or  magnesium  be  used  ? 

11.  Why  should  a  Clarke  cell  never  be  used  to  give  a  current  ? 

12.  How  is  the  efficiency  of  a  cell  affected  by  increasing  the  size  ?    Is 
there  any  difference  in  the  currents  given  by  cells  of  different  sizes  when 
the  external  resistance  is,  say,  1000  ohms  ? 

13.  A  current  of  one  ampere  flows  for  10  minutes  through  a  Daniell 
cell.     How  much  zinc  will  be  consumed  and  how  much  copper  will  be 
deposited  ? 

14.  State  what  chemical  action  takes  place  in  (a)  Leclanche,  (b)  Grove, 
(c)  Daniell. 

15.  Compare  the  relative  usefulness  of  (a}  batteries  of  primary  cells, 
(6)  accumulators,  (c)  dynamos,  for  generating  current. 

16.  Six  cells  each  of  E.  M.  F.  2  volts  and  resistance  1  ohm  are  used  to 
drive  a  current  through  an  external  resistance  of  5  ohms.    Find  the  currents 
produced  when  the  cells  are  (1)  in  series,  (2)  in  parallel,  (3)  two  parallel  sets 
of  3  in  series. 

17.  What  relation  must  there  be  between  the  external  resistance  and 
the  cell  resistance,  if  two  cells  give  the  same  current  when  connected  in 
parallel  and  in  series  ? 

18.  Find  the  current  which  two  cells  of  E.M.F.  T08  volts  and  resistance 
•5  ohm  will  drive  through  a  resistance  of  '3  ohm  (I)  when  in  series,  (2)  in 
parallel. 
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19.  A  battery  of  6  cells  is  arranged  in  mixed  circuit  so  that  there  are 
3  rows  containing  respectively  1,  2,  and  3  cells.     If  the  K.M.F.  of  each  cell 
is  2  volts,  and  resistance  1  ohm.  find  the  current  through  an  external 
resistance  of  1-J  <thm>. 

20.  Find  the  currents  given  by  different  arrangements  of  6  cells,  each 
of  resistance  1  ohm,  E.  M.  F.  1  volt,  with  an  external  resistance  of  5  ohms. 

21.  You  are  given  48  cells,  each  of  E.M.F.   1*8  volts  and  resistance 
.3  ohm.     Find  the  greatest  current  they  will   produce  in  a  circuit  of 

1 '.")  ohms  external  resistance. 

22.  Given  16  cells,  each  of  resistance  '5  ohm  and  E.M.F.  T3  volts,  how 
would  you  arrange  them  to  get  the  maximum  current  through 

(1)  an  external  resistance  of  100  ohms  ; 

(2)  a  copper  rod  of  resistance  '01  ohm  ; 

(3)  a  resistance  of  2  ohms  ? 
Find  the  current  in  each  case. 

23.  Three  storage  cells,  each  of  E.M.F.  2  volts  and  negligible  resistance, 
arc  joined  in  series,  and  the  poles  of  the  battery  so  formed  are  connected 
by  a  coil  of  6  ohms  and  a  coil  of  12  ohms  in  parallel.     Find  (a)  the  current 
in  each  coil,   1>  the  heat  developed  per  second  in  each  coil. 

24.  Three  . -ells,  each  of  E.M.F.  To  volts,  are  to  be  arranged  either  in  series 
or  in  parallel.      The  internal  resistances  of  the  cells  are  '4,  '5,  -4.")  ohm 
respectively.     Which  arrangement  will  give  the  larger  current  through  an 
external  resistance  of  (1)  *1  ohm,  (2)  2'1  ohms  ? 

25  A  circuit  is  formed  of  six  similar  cells  in  series  ami  a  wire  of 
lo  ohms  resistance.  The  E.M.F.  of  each  cell  is  1  volt,  and  its  internal 
resistance  ."•  ••hm>.  hctermine  the  difference  of  potential  between  the 
positive  and  negative  poles  of  any  one  of  the  cells. 

26.  A  battery  of  12  similar  cells  in  series  screwed  up  in  a  box,  being 

-01 -pet 'ted  of  having  some  of  the  cells  wrongly  connected,  is  put  into  circuit 

with  a  galvanometer  and  two  cells  >imilar  to  the  others.     Currents  in  the 

-.f  3  to  '2  are  obtained  according  as  the  introduced  cells  arc  arranged 

so  as  to  work  with  or  against  the  battery.    What  is  the  state  of  the  battery? 

27.  A  battery  ..f  i •_'  cells  in  .Aeries,  each  of  E.M.F.  1  volt  and  resistance 

•:>  ohm,  is  joined  up  t<>  a  coil.      What  must  l>e  the  resistance  nf  this  eoil  if 
the  heat  produced  in  it  is  a  maximum  ' 
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BRIDGE   METHODS 


73.  Wheatstone's  Bridge.  Suppose  we  have  four 
,  B,  (7,  D — which  are  connected  together  in  the 
following  way :  A  and  B  by  a  resistance  R,  A  and  D  by  a 
resistance  X,  B  and  C  by  a  resistance  S,  D  and  C  by  a 
resistance  K.  Let  also  A  and  (7  be  connected  to  the  terminals 
of  the  battery,  B  and  D  to  the  terminals  of  a  galvanometer,  G. 


Fig.  45. 

Now  by  altering  the  resistances  R  and  S  we  can  cause  the 
current  to  flow  in  either  direction  through  the  galvanometer, 
or,  we  can  so  adjust  them  that  no  current  flows  through  at 
all.  In  this  case  all  the  current  which  flows  along  AB  must 
continue  to  flow  along  BC,  and  that  along  AD  must  continue 
along  DC.  Call  these  currents  clt  <v 
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\ow  there  i>  ii<>  curmit  from  Z)  to  B,  so  that  there  can  IK' 
MM    IM>.    between    these    points:    therefore    the    P.  l>.   between 
.1  and  1)  must  IK.'  the  >ame  as  tliat  between  A  and  B, 
i.e.    r,R  =  r,X. 

UN  exarth  similar 

C 
IK-Mcr  1>\  ilivisitm 

R_X 
S~K' 
or  XS  =  RK. 

Hence  the  rrsistamv  of  one  arm  can  be  fbiincl  in  terms  of 

tin-  other  tin 


it   limy   l.c   \\oll   t»  lo.ik   at   tin-  mi'tlux!   from    aimtliLM-   ]K»int 
of  \i- 

A    cunvnt   flows  from   A    in   I)  through  X  and  then  continues  to  C 
throuirh  K.      Hcnc-c-  the  fall  in  potential  Between  A  and  J>  is  to  the  fall 
'•n   />  and  C  .is  the  resi>taiiiT  X  is  to  the  resistance  K.     A  similar 
relation  holds  for  the-  arms  AB,  BC. 

Niiw  llu-  pot»-ntial  at  I>  i>  tin-  same  as  the  potential  at  1>  for  no  current 
f!o\\-  iK-twtvn  the>e  i»«'int>.      \\\-  have  then 

X:K=fall  U-t  \\een  A  and  1)  :  fall  Let  ween  I>  and  f 
=  full  ln-tween  A  and  B  :  fall  l.etween  /;  and  <' 
=  R:S 

74.     B.  A.  Bridge.    TheB.A.  (British  Association)  bridge 

method  of  iiiidin-   re-i>tanee  i-  de|»cndcnt   on   this  principle. 

Hi  re|»re>eMt>  the  apparatus   which   con>i>!>  of  a   known 

reOStaOOe  K.  a  unitbi-m   wire   RS.  a  M'M-itive  -alvaMoMieter  (  ,' 

and    a    l»attcr\.     X    i^   the    unknown    n^i^laMce.     The   thick 
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lines  indicate  bars  of  brass  or  copper  having  no  appreciable 
resistance.  The  end  (B)  of  the  wire  leading  from  the  galva- 
nometer is  not  fixed  but  is  joined  to  a  jockey  which  must  be 
moved  u]>  and  down  the  wire  RS  until  a  point  is  found  which 
is  such  that  no  current  passes  through  the  galvanometer  on 
depressing  the  key. 

The  resistances  of  the  two  parts  of  the  wire  RS  are 
proportional  to  their  lengths.  Applying  the  results  of  the 
previous  paragraph  we  see  that  the  ratio  of  the  resistance 
X  to  K  must  be  the  same  as  the  ratio  of  the  lengths  of  the 
two  parts  of  the  wire, 


In  making  an  experiment  it  is  advisable  to  verify  the 
result  by  interchanging  the  position  of  the  known  and  the 
unknown  resistances.  Assume  the  mean  of  your  result  to  be 
correct.  The  known  resistance  (K)  should  be  chosen  approxi- 
mately equal  to  what  you  think  X  is  likely  to  be. 

75.  P.O.  Box  method  of  finding  Resistance.  The 
P.O.  box  contains  a  series  of  resistances  arranged  as  in 
fig.  47. 


O 


10      100    1000 


1000   )00     10 

u  nn  nn  nzi  n  en  1=1  1=3  r=i 

5O00200020001006500   200    20O    100    W 


'Battery 


Fig.  47. 

In  the  top  row,  A,B,C,  there  are  generally  six  resistances, 
1000,  100,  10,  10,  100,  1000:  these  correspond  to  the  ratio 
arms  (R,  S)  in  the  wire  bridge  (Art.  74).  The  point  B,  which 
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i>  tin-  junction  of  the  two  sets  of  three,  is  joined  by  a  con 
nection  (shewn  dotted)  to  the  terminal  D  through  the  ke\  // 
and  the  galvanometer  G.  The  terminals  C  and  D  are  joined 
to  tho-c  of  the  unknown  re-i-tance  X.  The  known  resistance 
K  consists  of  a  series  of  coils:  at  its  ends  are  terminals  A,  D. 
A  and  C  are  connected  through  a  key  L  and  a  cell  E. 

Now  suppo-e  you  wi-h  to  find  the  resistance  X  of  a  coil. 
The  apparatus  is  arranged  as  in  the  diagram.  Feel  the  plugs 
and  see  that  they  are  all  just  tight  in  their  conical  holes. 
Pull  out  the  two  "tens"  in  the  top  row  :  press  the  galva- 
nometer key  H  and  tap  instantaneously  the  battery  key  L. 
There  will  \K  a  small  motion  of  the  galvanometer:  suppose 
the  throw  is  to  the  right.  This  means  that  if  the  known 
n  -i-tance  K  is  smaller  than  X.  the  throw  is  to  the  right 

Xow  pull  out  from  K  a  plug  corresponding  to  a  resistance 
which  you  believe  larger  than  X.  Suppose  this  is  300.  Tap: 
if  the  throw  is  to  the  left,  then  the  resistance  of  X  is  between 
n  and  :*<»<).  Xow  replace  the  300  plug,  and  pull  out  say  the 
100.  If  the  throw  is  to  the  right,  X  is  bigger  than  loo.  We 
may  proceed  until  we  find  two  consecutive  numbers  between 
which  the  resistance  of  the  coil  must  lie.  Wo  can  in  this  way 
find  correct  to  an  ohm  the  resistance  of  any  coil  between 
1  and  1IMMM)  ohms. 

The  further  working  will  be  best  explained  by  an  actual 
example  in  which  the  result  finally  obtained  was  .vu:i  ohms. 
Starting  oil'  exaoth  as  he  fore  it  was  found  that  .".  ohms  in  K 
pure  a  deflexion  to  the  right,  6  to  the  left.  To  obtain  the 
next  figure  }!.  the  resistance  in  ratio  arm  S  was  altered  by 
replacing  the  ten  plug  and  removing  the  KM).  Since  S  is  now 
ten  time-  R.  K  must  be  ten  times  X  if  we  are  to  obtain  a 
balance.  It  was  found  b\  experiment  that  ."»}{  ohm-  in  K 
a  deflexion  to  the  right.  :>\>  to  the  left.  The  re-i-laiice 
of  X  wa>  therefore  bet  \\eeil  .VK  and  .V!>  ohm-. 

No\\    the    loon    in   S   ua-   removed  and   the    KM)  replaced. 
With  :>H\  ohms  in   K  there   \\a-  a  deflexion  to  the  left  :   \\ith 
there    was   a    ver\    -light    deflexion    to    the    left.      The    re 
-i-tance  of  X  \\a>  therefore  juM  greater  than  .VJU  ohm-. 

If  it    had    been   required    to   find  the  re-i-taiiee  of  a  coil  of 
-a\   .VJ.onn  oliniv.  ur  -hould    have  had  to  use  the  larger  re-i-t 
anee  in  R  instead  of  &. 


72 


II ridge 


76.    The  resistance  of  an  electrolyte  cannot  l>e  determined 

I iy  any  of  the  above  methods,  for  eurrents  passing  through  electrolyte* 
decompose  them  ami  there  is  a  hack  K.M.K.  to  IK-  considered.  A  method 
often  employed  involves  the  use  of  a  B.JL  hridirc.  an  alternating  eiirrent 
and  a  telephone  receiver.  The  alternating  current  avoids  the  polarisation, 
for  the  rapidity  of  the  reversal  of  the  direction  prevents  any  appreciable 
quantity  of  the  ions  accumulating  on  the  electrodes.  The  telephone 
replaces  the  ordinary  jralvanometer  which  only  detects  direct  currents 
When  a  balance  between  the  arms  of  the  bridge  is  obtained  the  telephone 
is  the  lea>t  noisv.  The  comparison  resistances  must  be  non-inductive 
(Art  1.S7. 

77.  Galvanometer  Resistance:  Kelvin's  method. 
Place  the  galvanometer  in  the  "unknown-resistance"  gap  of  a 
RA.  bridge.  The  middle  terminal  must  be  connected  directly 
to  the  jockey  and  the  battery  placed  between  the  other 
two  terminals. 


Fig.  48. 

There  will  always  be  a  deflection  in  the  galvanometer,  but 
when  the  jockey  is  in  the  right  position  this  deflection  will 
not  be  altered  by  depressing  the  jockey  key. 

The  explanation  follows  directly  from  Art.  73.  For 
suppose  that  the  position  of  the  wire  BD  is  found  such  that 
no  current  flows  along  it  on  making  contact  at  B\  then  there 
can  be  no  alteration  in  the  previous  currents  in  other  parts 
of  the  apparatus  and  hence  no  change  in  the  reading  of  the 
galvanometer  in  the  resistance  gap. 

78.  Battery  Resistance:  Mance's  method.  Place 
the  comparison  coil  K  in  the  "  known-resistance  "  gap,  CD. 
Place  the  battery  E  in  the  unknown  resistance  gap  BD. 
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IMace    the    nalvanmneter   G  in   the    iralvanometer    irap   BD. 
Place  a  tappin-  key  /  in  the  battery  irap  AC. 


Fig.  49. 

Tlie  jockey  at  /y  must  be  depressed  the  whole  time.  There 
will  always  be  a  deflexion  in  the  iralvanometer.  The  correct 
position  nf  //  is  such  that  there  is  no  immediate  change  in 
the  deflexion  of  the  galvanometer  when  the  tapping  key  (£) 

i-  depressed. 

Tin-  toll- .win-   iv;i-<>ninir  though  not  quite  satisfaetory  will  he  suttirient 
plain  the-  thmry  of  .M;incr>  iiictlm.!.      \Vlu-n  the  eonju.irate  c-on.lition 
•i-lieil  (i.e.  SX     RK  .  the  addition  or  alteration  of  any  x.in 
B.M.P.  in  the  arm  ./('would  not  atleet  in  any  way  the  current  in  the  arm 
DGB.      \«tw  the  eln>iii-:r  in-  upeiiiiiLT  «»f  the  key  /,•  ehani,re>  the  IM».  l»ri 
A  ami  0\  this  then  will  only  fail  to  atleet  the  eurrent  in  (*'  if  the  eoiijugntv 
(••'inliti'iii  i>  >ali>fied. 

79.     The  Carey  Foster  Bridge  is  a  modifieatinn  of  the  U.A.  IT 
and    i>    u.-ed    t«.   tin.l    the   dillereliee   hetweeii    t\\«-   nearly   etjUal    resistaiiei->. 
In  fig.  .">(),  A"  and    )'aiv  tlie-.-  resistanees;   //.  A"  another  j-air  which  >lnmM 
al-..  he  m-ai'ly  equal  thmiirh  their  aetual  values  arc  n<'t   required.     A' 
\viiv  «'f  uniform  G  \  -  ainuneler.  K  a  cell.     The  arrangement 

thi-n  only  ilitl'ers  from  the  I-..A.  hrid^e  in  havin-  tin-  extra  ua|»  in  A'  and   )' 
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Suppose  D  is  the  position  for  the  jockey  on  the  bridge  wire  when  no 
current  passes  through  the  galvanometer :  then  the  conjugate  condition 
must  be  satisfied,  i.e. 

//:  A~=resistam-e  of  X  and  AB  :  resistance  of  Y and  BC. 

In  other  words  the  total  resistance  of  A',  Y  and  AC  is  divided  at  B  in 
the  ratio  ///A". 

Now  interchange  X  and  Y:  suppose  B'  is  the  new  position  of  the 
jockey:  then  as  before  the  total  resistance  of  Y,  X  and  AC  is  divided  at 
B  in  the  ratio  ///A";  hence  the  resistance  of  X  and  AB  must  be  equal  to 
the  resistance  Y  and  AB\  so  that  the  difference  between  X  and  Y  must 
be  equal  to  the  resistance  of  the  intercept  BB  on  the  bridge  wire.  To 
find  this  resistance,  measure  in  any  way  the  total  resistance  of  the  wire  and 
multiply  it  by  the  ratio  BB' 'I AC. 


CHAPTER  VIII 

TIIK    POTENTIOMETER:     KIRCHHOFF'S   LAWS 

8O.  The  Potentiometer.  If  a  steady  current  flows 
a  wire  of  uniform  resistance  there  must  be  a  uniform 
fall  of  potential  from  one  end  to  the  other:  or  in  other  words 
the  potential  difference-  between  any  two  points  on  the  wire 
must  l>e  proportional  to  their  distance  apart. 

Dante// 


Battery 

Fig.  51. 

In  the  diagram  (fig.  51)  a  bitten  of  cell-  is  joined  up  to 
a  loujr  uniform  wire  .17^:  positive  pole  to  A.  negative  to  tt. 
Tin-  terminal  .1  U  aU«»  joined  up  to  the  po>iti\e  pole  of 
another  cell,  say  a  Daniell.  The  negative  of  this  cell  i> 
connected  to  a  iralvanometer.  The  free  end  ('  of  the  uire 
leading  from  the  galvanometer  can  be  joined  up  to  make 
contact  with  an\  point  on  the  uniform  wire  A />.  A«  long  as 
it  i-  not  connected  up  to  the  wire,  the  potential  difference 

l»et\\een  .1  and  <'  HUM  l.e  ei|ii:d  to  the  I!.  M.l\  of  the  Daniell. 
for  no  current  can  he  HONSUI^  through  tlii-  fell.  \o\\  -uppo-e 
-V  i-  a  point  on  A /{  -ncli  that  the  fall  in  potential  Ketueen 
.1  and  A"  i-  e<|iial  to  thi-  potential  <litleren.-e  :  in  other  \\ord- 
A  i-  a  point  on  .I//  ^i.-h  that  the  fall  in  potential  l>et\\eeii 
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A  and  A' along  the  uniform  wire  is  equal  to  the  tall  between 
A  and  (,'  through  the  Daniell  cell.  Then  A"  and  C  must  be  at 
the  same  potential  so  that  no  current  would  How  l>etween 
them  it'  they  were  united.  If  then  this  point  A' can  be  found 
such  that  no  current  flows  through  the  galvanometer  when 
the  circuit  is  completed,  the  fall  in  potential  between  A  and 
A'  must  be  e<|iial  to  the  E.M.F.  of  the  Daniell  cell. 

Xow  let  the  Daniell  be  replaced  by  another  cell;  say 
a  Leclanche:  a  new  point  1"  may  be  found  corresponding  to 
A'.  \\e  shall  then  know  that  the  potential  fall  along  AY 
i-  equal  to  the  E.M.F.  of  the  Leclanche. 

Hence 

E.M.F.  of  Daniell     _  P.n.  between  A  and  A'_  length  AX 
E.M.F.  of  Leclanch^  ~  P.D.  between  A  and  Y~  length  A  Y' 

In  laboratory  potentiometers  the  wire  A B  is  usually 
mounted  on  a  board  in  zig-zags:  a  sliding  bridge  fitted  with 
a  tapping  key  enables  any  point  on  the  wire  to  be  connected 
to  the  cell  under  test. 

81.  To  compare  E.M.F.  or  find  Voltage.  Take  an 
accumulator  or  battery  of  rather  higher  E.M.F.  than  that  of 
either  of  the  cells  to  be  compared,  and  join  its  positive  pole 
to  one  end  (A)  of  the  potentiometer  wire.  Join  the  positive 
pole  of  one  of  the  cells  to  the  same  end  (A).  Connect  up  the 
negative  pole  of  the  cell  through  a  sensitive  galvanometer  to 
the  bridge  key  and  the  negative  pole  of  the  accumulator  to 
the  other  end  (B)  of  the  potentiometer  wire.  Move  the 
bridge  about  until  you  find  a  point  on  the  wire  such  that  no 
deflexion  is  produced  in  the  galvanometer  by  depressing  the 
key  and  making  contact.  Measure  the  distance  of  the  point 
from  the  end  A. 

Replace  the  first  cell  by  the  second  and  proceed  as  before. 

To  find  the  voltage  of  a  cell  compare  the  E.M.F.  with  that 
of  a  known  cell :  say  the,  standard  Clark  (1'435  volts  at  15°  C.). 

For  low  voltages  the  modification  descril)ed  in  Art.  101 
is  useful. 

For  high  voltages  we  may  connect  up  in  the  method 
shewn  in  fig.  52.  We  will  suppose  that  A  and  B  are  points 
on  the  mains  of  a  lighting  circuit,  the  voltage  of  which  is 
known  to  be  about  200.  If  the  resistances  of  Rt ,  R2  are  4950 
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and  :>o  ohms  respectively  then  the  potential  difference  between 
the  terminals  of  #,.  is  one  hundredth  of  the  potential  ditfer- 
ence  between  AH  and  therefore  alum!  :2  volts.  If  then  we 
find  exactly  by  use  of  the  potentiometer  in  the  ordinary  way 
the  potential  ditfereiiee  between  the  terminals  of  /»  and 
multiply  by  loo  we  uet  the  result  iv(|iiire(l. 


rn — 


Fig.  52. 

82.  To  compare  the  resistances  of  two  coils  by  means 
of  the  potentiometer,  a   cimxtnnt  cm-rent   is  passed  through 
the  two   in  >crie>.  ti-.    .">:2.     The  potential  difference  between 
the    end>   of   each    re>istance    is    then    found    by  joining   the 
iv-i-tanee  terminals  up  to  the  |>otent iometei'  in   exactly  the 
-a me    way    Rfl    the    celN    were    joined    U)*    in    the    precedinu' 
paragraph. 

The  ratio  of  the  potential  ditferenee>  in  the  two  ca>e>  muM 
be  the  >ame  a>  the  ratio  of  the  re>Mancr^  of  the  c«»il>. 

If  no  bridge  i-  -uj»plied  with  the  potentiometer,  a  con- 
venient method  of  making  cnntact  i^  to  insert  the  loose  end 
n\'  the  wire  into  the  liin^c  of  a  knife  and  plaee  the  htt<'k  of  the 
blade  on  the  wire. 

83.  Extension   of  Ohm's    Law.      Suppose    a    cell    of 
electromotive  force  E.  internal  re-i-tancr  //.  ui\c>  a  current  /• 
tliroiinh    an   external    re-i»lance    /•.      Then   the   potential    dif 

ferrncc     l)et\\ee|l     it-     po|»^     j-.     |,\      (mill's     ]a\V,    CX.       NVe     aNo 

know  that  E  =  c  (x  -f  b).  Jleiice  \\hen  a  current  r  |»a—  e- 
thr(»iiiili  a  cell  of  electromotive  force  E  and  i-e-i^tance  l>.  the 
|»oteiitial  dillel-ence  between  it-  terminal  is  E  -  cb. 

Let  t\\o  point>  r*J  be  joined  together  b\  \\ii-e-  of  total 
/•  and  a  cell  the  I-:.  M.I.  of  \\hich  i-  E  and  the 
>>.  If  thc\  are  not  connected  in  aii\  nther  \\a\.  of 
OOOne  no  »-nrreiit  can  flo\\  :  let  them.  IIONNCVCI.  be  connected 
in  -oine  \\a\  -a\  b\  a  \\ire  or  b\  a  M-cond  cell  and  let  the 
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current  which  now  flows  be  denoted  by  c.  Then,  as  we  have 
seen  above,  the  potential  difference  between  the  poles  of  the 
cell  must  be  E  —  cb. 


Fig.  53. 

The  current  c  flows  also  through  the  resistance  r:  the 
drop  in  potential  therefore  between  P  and  Q  due  to  this 
resistance  is  cr:  subtract  from  this  the  rise  in  potential 
through  the  cell  and  we  get  the  result  that  the  total  potential 
difference  between  P  and  Q  =  cr  —  (E  —  cb), 

i.e.  the  P.D.  between  P  and  Q  =  c  (r  +  b)  —  E. 

Hence  if  two  points  P  and  Q  be  connected  by  a  conductor 
the  potential  of  P  above  Q  together  with  the  electromotive 
force  of  any  cell  in  this  connection  is  equal  to  the  product  of 
the  current  and  the  total  resistance. 

Or  if  p  and  q  denote  the  potentials  of  the  points  P  and 
Q,  p  -  q  +  E  =  CR. 


Fig.  54. 

In  this  formula  the  current  is  supposed  to  be  from  P  to 
Q :  the  cell  tends  to  drive  in  the  same  direction.  If  either  of 
these  is  reversed  the  sign  of  the  corresponding  term  must 
also  be  reversed. 


Networks  of  Conductor* 
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84.     An  example  will  make  the  use  of  the  formula  clear: 

The  jx.sitive  polos  A,  A  of  two  cells  of 
E.M.F.  2  volts.  :<  volts  and  resistance  _'. 
1  ohms  are  joined  by  a  wire  AXA'  of 
resistance  8  ohms,  and  the  negative  poles 
J9,  B'  by  a  wire  BYB'  of  re-i>tance  6  ohms. 
X,  y  are  the  mi. Idle  points  of  the  wires; 
find  the  P.D.  between  X  and  Y. 

Suppose  the  current  is  c  and  that  it  Hows 
in  the  direction  of  the  arrow  on  the  wires: 
the  arrow  on  each  cell  denotes  the  direction 
of  the  E.M.P.  of  that  cell. 

The  total  K.M.F.  of  the  circuit  is  (3-2) 
volts.  The  total  resistance  is  8  +  6+2  +  1 
ohms;  hence  £  =  ^7  amp. 

Denote  the  i»otontials  at  A"  and  Y  by  the 
small  letters  x,  y.  Take  the  connection 
from  A'  to  }'  through  AB  and  apply  the 
formula  noting  that  the  direction  XABY 
is  the  same  as  that  of  the  current  and 
opposite  to  that  of  the  E.  M.  F.  of  the  cell  A  B.  Hence 


Fig.  55. 


Had  we  passed  from  X  to  y  through  A'B',  we  should  have  had 


85.  Kirchhoff's  Laws.  I.  If  there  is  any  network  ot 
conductors  in  which  the  currents  have  reached  a  steady 
state,  then  the  total  current  entering  any  point  is  equal  to 
the  total  current  leaving  that  point. 

This  is  evident,  for  if  otherwise  there  would  \>e  an  ac- 
cumulation of  electricity  at  the  point,  so  that  the  distribution 
could  not  he  steadx. 


(In  Fiir.  :>*'>,  /-,  +C.,  =  c8 
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II.  Suppose  that  in  any  network  of  conductors,  such  as 
Fii:.  .",<;.  we  take  any  closed  circuit  ABCDEF.  'Each  arm 
will  have  a  resistance:  it  may  or  may  not  include  a  cell  or 
other  source  of  I-:.M.F.  Denote  the  current  in  the  arms  AB, 
BC, ...  by  the  symbols  Gab,  Cbc,  ... ,  the  electromotive  force  by 
Ert6,  E^, ... ,  and  the  resistance  by  Ra&,  R&c,  ... ,  the  potentials 
at  the  points  A,  B,  ...  by  a,  b, ... .  Then  by  Ohm's  Law 


b  -  c  +  E6c  = 
etc. 

e  -  a  +  Eea  =  CmRea, 
/.  by  addition  Eab  +  E6c  +  . . .  Em  =  C«&Ra&  +  . . .  CmR<,a, 

This  result  is  known  as  Kirchhoff  s  Second  Law. 

If  in  any  closed  circuit  of  a  network  we  multiply  the 
current  in  each  arm  by  the  resistance,  the  sum  of  the  products 
thus  formed  is  equal  to  the  sum  of  the  E.M.F.S  of  the  circuit. 

Examples.  1.  Apply  to  the  case  of  Wheatstone's  bridge,  Fig.  45, 
Art.  73, 

(1)  for  the  circuit  ABGD,  0  =  c1R  +  0  +  (-c-2)X,  i.e.  dR  =  c2X, 

(2)  for  the  circuit  BCDG,  0 = ^  S  +  ( -  c2)  K  +  0,  i.  e.  ^  S  =  c2  K, 

whence  fi^  =  fr  ' 

2.  Apply  to  the  potentiometer  circuit,  Fig.  51,  Art.  80. 

If  i  is  the  current  along  the  potentiometer  wire,  R  the  resistance  of 
AX,  E  the  E.  M.F.  of  the  cell,  then  applying  the  second  law  to  the  closed 
circuit  through  AX,  the  galvanometer  and  the  cell  we  get 

/R+0-E  =  0, 

i.e.  the  E.M.F.   of  the  cell  is   proportional  to  the  resistance  intercepted 
on  the  potentiometer  wire. 

3.  Two  cells  air  connected  up 
as  shewn  in   the  diagram  through 
resistances   to   the   terminals   of    a 
galvanometer  ;     find    the    current 
through  the  galvanometer. 

Adopting  the  usual  notation  and 
applying  the  laws  to  the  circuit 
through  the  galvanometer  and  the 
first  cell  Fi*-  57' 
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Similarly 


From  these  equations  r,  and  <•._.  may  he  determined. 
A    particular  case  is  useful.     Let  R,   and  "R,  be  so  chosen  that  no 
eunviit  passes  through  the  galvanometer,  then  r,  -r.,  =  0  and  the  equations 
me 


TJI          TJ      ,   •»»          -n 

whence  E'  =^!      ^J  =  ^  approximately  if  the  external  resistances 

larue  compared  with  the  internal. 


EXAMPLES 

1.  I>e\i>e  and  sketch  a  a  A.  bridge  in  which  the  wire  is  a  metre  long 

I'Ut  is  divided  into  two  halves,  plaeed  parallel  to  one  another  and  joined  at 
•  •IK-  pair  .if  rnd>  l'\  a  strip  of  brass. 

2.  How  eould  you  readily  test  whether  the  wire  of  a  B.A.  bridge  is  of 
uniform  resistance  or  not? 

3.  In  a  H.A.  l»ridge  the  wire  has  a  resistanee  of  o7>ohm:  the  resistances 
to  1-e  (-"inpared  are  ln»th  imu-h   greater.     Would  it  l>e  of  any  service  to 
replace  the  wire  witli  one  of  hi.irlier  resistanee  '.     <Iive  reason-. 

4.  On  a  H.A.  Kridire  the  wire  is  one  metre  long.     The  unknown  resist- 
il  •  -ompaivd   with  an   s  ohm  n»il.      What  will  IK?  the  position  of  the 
>  on  the  wire  in  the  I'ollouin-  ra>es  :  («)o?=r."i  ohms;  (6)  O?  =  8  ohms  ; 

-.")ii  ohm>  .'      If  the   experimenter    make>   an    error  of  .S  mm.   in  the 

p'Mti.m    of   the  jockey,    l.y    how    much    per    cent,    would    this    atl'cct    the 
calculated    result    in   each    ca~ 

5.  In  the   H.A.   ln-idire.   \\\\\    i-  it   dc-iral»K-  that   the  known  re»i>tanec 
>hoiild   lie  cli«'>en  of  siiinrthing  like  the  >aine  magnitude  as  the   unkimwn 

6.  Two  cell-  an-  joined  in  series.     Their  common  terminal  is  connected 
to  a  wire  of  re-i>tancc  :;  ..|im>.   tin-  other  end  of  which   i>  connected  by 
wire-  of  re-i-ianc.-   J.iliin.-  and    1  ohm   to  the   remaining  terminals  of  the 
cdU.      It"  the  c.-IU  arc  each  «.f  i..  M  i    -j  voRsand  resistance  1  ohm,  tind  the 
current  in  cadi  win-. 

7.  Why  cannot  the  <  arey  Foster  l.rid-e  \>e  used  unless  (a)  X  and   Y. 
(6)  //  and  A*  are  nearly  equal  ? 

8.  In  a  Wh.  arr. in-. -1111-111   the  resistances  in  «>hms  ,.f  the 
arm-  arc  /»'     .'{.  S*  -'.  A'     ."..      Wliat    mii-t  !•«•  the  unknoun  rcufaUnce,  A",  if 
the.  -..njiiLMte  condition  i-  -ati-li.-d        If  .V  has  actually  only  halt  'tin-  value, 
tin-1  the   I-.D.  between  the  galvaiiomctci    tn-minal-   \\hcn  a  total  current   of 
I   ampere  i-  I.. m-  -..ken  fmin  the  Lattcty 

6 
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9.  What  is  the  full  in  i>otcntial  per  centimetre  along  a  potentiometer 
wire,  8  metres  long  and  resistance  '2»>  ohms,  when  a  current  of  '04  ampere 
passes  along  it  ? 

10.  When  a  Clark  cell  is  on  a  potentiometer  the  jockey  is  259  cm.  from 
the  end.     Where  will  it  be  for  a  cell  of  E.M.F.  T08  volts?    If  the  current 
in  the  potentiometer  was  '028  ampere  while  the  Clark  was  under  test,  but 
fell  to  '024  while  the  second  cell  was  being  tested,  what  would  be  the 
position  found  >     What  error  would  be  made  in  calculating  the  K.M.F.  '. 

11.  AX  BY  is  a  square  formed  of  4  wires  XA,  AY,  YB,  BX  of 
resistances  1,  2,  3,  4  ohms  respectively.     At  X  and  Y  cells  of  E  M.F.   1*2, 
ri  volts,  internal  resistances  0'8,  0'9  ohm  respectively  are  introduced.     If 
the  cells  be  placed  in  opposition,  find  the  P.D.  between  A  and  B. 

12.  The  positive  poles  A  and  B  of  a  Grove  and  Daniell  cell  are  joined 
by  a  wire  of  0*3  ohm  resistance,  and  the  negative  poles  C  and  D  by  a  wire 
of  0*5  ohm.     What  is  the  difference  of  potential  between  the  middle  points 


Grove  cell  :  resistance  =0'2  ohm,  E.M.F.  =  T8  volts. 
Daniell  cell:  resistance  =  0'4  ohm,  E.M.F.  —  ri  volts. 

13.  A  circuit  is  made  up  of  (1)  a  battery  with  terminals  A,  B,  its 
resistance  being  3  ohms,  and  its  E.  M.  F.  2*7  volts  ;  (2)  a  wire  BC  of  resistance 
1'5  ohms;  (3)  two  wires  in  parallel  circuit,  CDF,  CEF,  with  respective 
resistances  3  and  7  ohms;  (4)  a  wire  FA  of  resistance  1'5  ohms.     The 
middle  point  of  the  last  wire  is  put  to  earth  :  find  the  potential  at  the 
points  A,  B,  (7,  F. 

14.  The  terminals  of  a  battery,  of  E.  M.  F.  4  volts  and  resistance  l£  ohms, 
are  connected  to  those  of  a  battery,  of  E.  M.  F.  3  volts  and  resistance  £  ohm, 
by  wires  of  resistances  1  and  6  ohms  respectively,  so  that  both  batteries  act 
in  the  same  direction.    Shew  that  if  a  third  wire  be  placed  so  as  to  join  the 
middle  points  of  these  wires  no  current  passes  through  it. 

15.  The  current  from  a  Daniell  cell  (E.M.F.   T08)  passes  through  a 
resistance  of  1000  ohms  and  a  potentiometer  wire  in  series.     If  the  wire  is 
10  metres  long  and  has  a  resistance  of  2*3  ohms  per  metre,  find  the  fall  in 
potential  per  metre  along  the  wire. 

16.  Explain  with  a  diagram  how  a  potentiometer  in  conjunction  with 
a  set  of  standard  resistances  might  be  used  to  test  the  readings  of  an 
ammeter. 

17.  How  might  a  potentiometer  be  made  to  measure  a  small  potential 
difference,  say  '0001  volt  ?    What  kind  of  wire  should  be  used  in  a  potentio- 
meter ?    Should  it  be  thick  or  thin  ;  of  high  resistance  or  of  low  ? 
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GALVANOMETERS 

86.     The  Electromagnetic  System  of  Units.     As  in 

mechanic-  it  i-  convenient  to  build  up  a  system  of  units — dyne. 
erg,  watt,  etc. — which  are  simply  related  to  one  another  and 
derived  by  <k'tiuitiou  from  the  centimetre,  the  gramme  and 
tin  M-cond :  n  in  electricity  and  magnetism  we  find  it  well  to 
define  our  units  by  reference  to  these  three  units  of  length, 
time.  ma»  and  one  other.  This  fourth  is  the  unit  magnetic 
pole.  It  is  defined  in  Art  4.  In  Chapter  I  we  saw  that  a 
compas>  needle  was  affected  by  a  current :  that  a  current  ha> 
a  magnetic  field.  Suppose  a  wire  carrying  a  current  were 
wrapped  into  a  ring  of  one  centimetre  radius.  A  unit  north 
pole  plaeed  at  the  centre  of  this  would  experience  a  force  at 
riudit  anu'lo  to  the  plane  of  the  coil.  If  the  number  of  dyne- 
in  thi>  force  i-  the  same  as  the  number  of  centimetres  in  the 
wire,  the  strength  of  the  current  is  said  to  be  one  dectr»- 
,,i,i<i,nt'i<'  unit.  In  other  words,  if  a  current  flowing  round  a 
i-inir  of  wire  (one  turn  only  )  of  radius  one  centimetre  exert-  a 
magnetic  force  of  L'TT  dynes  at  the  centre,  the  measure  of  the 
current  1*0*6,  if  we  adopt  the  C.G.8.  elect  romagnetic  system. 

Unit  /7////1.'/'  i-  the  <|iiantity  of  electricity  conveyed  in  one 
M-cond  by  a  unit  cm-rent. 

Th<  unit  0/K.M.Y.  betxveen  t  \\  o  place-  i>  that  which  e\i>t- 
if  unit  woi-k  one  erg)  i-  done  by  the  passage  of  unit  charge 
from  onr  to  the  other.  <  /•.  also  p.  1  i 

The  UMtrc*i  t<»«  \-  lhai  of  a  connection  in  which  unit 
current  tl<-w-  under  unit  potential  ditlcrciicc. 

6—2 
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87.  Practical   Units.      These   C.G.S.   electromagnetic 
units  however,  though  useful  for  scientific  work  and  measure- 
ments,  would  be  cumbrous  in  everyday  use.      More  con- 
venient ones  have  therefore  been  devised,  (a)  the  ampere, 
Art  26,  (ft)  the  volt,  Art  70,  (c)  the  ohm,  Art  48. 

The  definitions  of  these  quantities  are  quite  arbitrary  but 
they  were  chosen  so  that  as  nearly  as  possible 
1  ampere  =  10"1  C.G.s.  unit  current, 
1  volt       =  1()8 C.G.S.  units  of  electromotive  force, 
1  ohm       =  109  C.G.s.  units  of  resistance. 
The  only  other  practical  unit  which  we  need  mention  is 
the  farad :  it  is  the  unit  of  capacity.     A  condenser  has  a 
capacity  of  a  farad  if  its  charge  is  a  coulomb  when  the  P.I). 
between  its  plates  is  a  volt.     It  is  a  very  big  unit  and  its 
millionth  part,  the  microfarad,  is  in  general  use. 

88.  Force  due  to  current  in  a  circular  coil.     The 
force  exerted  by  a  current  on  a  unit  pole  would  be  very  hard 
to  measure  directly,  but  it  is  easy  to  compare  that  force  with 
the  earth's  magnetic  field.     To  do  this  suppose 

that  a  coil  of  wire  of  any  radius  is  so  placed 
that  when  a  current  passes  round  it  the  force 
exerted  at  the  centre  of  the  coil  is  horizontal 
and  due  East  or  West.  We  can  arrange  this 
if  the  plane  of  the  coil  is  vertical  and  its  axis 
East  and  West :  then  its  plane  is  in  the  plane 
of  the  magnetic  meridian.  Call  the  force  due 
to  the  current  F.  Call  the  horizontal  com- 
ponent of  the  earth's  field  H.  Then  the  hori- 
zontal forces  acting  on  a  unit  pole  at  the 


o  o   o 
o  o  o 


centre  of  the  coil  are  F,  due  East  or  West,  H 
due  North. 

By  the  parallelogram  of  forces,  we  know         Fig  58. 
that  the  resultant  of  these  two  forces  will  be 

F 

inclined  to  H  at  an  angle  £  such  that  tan  8  =  —  (v.  Art.  8). 

ri 

Now  a  small  compass  needle  at  the  centre  of  the  coil 
would  point  in  the  direction  of  the  resultant  force  there: 
i.e.  would  be  deflected  from  the  meridian  through  the  angle  S, 
where  F  =  H  tan  8. 
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89.  T«i   find   how  the  force  due  to  a  current  in  a  galvanometer  coil 
depends  on  (1)  the  strength  of  the  current,  (2)  the  number  of  turn-  of  wire. 
(3)  the  radius  of  the  ring. 

(1)  Put  in  series  with  the  galvanometer  an  ammeter  and  a  variable 

iv-i-taiH  •<•  and  join  up  to  tin-  terminals  of  a  cell.     Find  the  reading  of  the 
ammeter  and  iralvaimmeter  with  different  resistances  in  the  circuit. 

Knter  the  iv>ults  in  columns  headed  (1)  Current,  (2)  Deflexion,  (3)  Force 
«lne  to  eiirrent  //tanfi  .  4  Current  :  force.  Plot  the  relation  between 
the  enrrent  and  tan  fi  on  squared  paper. 

(2)  To  find  the  effect  of  the  number  of  turns  it  is  convenient  to  use  an 
unwound  galvanometer,  a  cell,  and  a  long  wire. 

Connect  the  two  terminals  of  the  cell  by  the  wire.  Place  the  galvano- 
meter with  the  coil  in  the  plane  of  the  magnetic  meridian.  Now  wrap  a 
>ingle  coil  of  wire  on  the  rinir  and  note  the  deflexion.  Repeat  with  two, 
three,  four,  etc..  mils  of  wire. 

Put  your  results  in  tabular  form  shewing  the  relation  between  the 
number  of  coils  and  the  tangent  of  the  angle  of  deflexion. 

(3)  To  find   the  effect  of  the  radius  of  the  ring  we  make  use  of  a 
irahanometer  with  concentric  windings  of  different  radii.     Pass  a  current 
through  one  winding:  notice  the  deflexion  and  the  current.     Calculate  the 

IM-I-  turn  jier  ampere.  Repeat  with  the  other  windings.  Tabulate 
y,.ur  iv>iilt-  to  xlu.\v  h.»w  the  force  per  turn  per  ampere  changes  with  the 
radius. 

Wr  could  vary  the  method  by  using  an  unwound  galvanometer  with  two 

md  a  lung  wire.  Connect  the  terminals  of  the  cell  with  a  l<>im  wire. 
Wrap  any  number  ..f  coils  (say  2)  of  this  wire-  round  the  inner  ring.  No\\ 
lead  the  wire  to  the  outer  ring  and  wind  the  wire  in  the  reverse  direction. 
putting  on  ju>t  M.  many  roils  as  will  sullice  to  brinur  back  the  needle  t«>  the 
ten  portion.  Compare  the  numbers  of  the  eoiU  with  the  radii.  Repeat 

j'eriineiit  varying  the  number  of  roils  on  the  fir>t  rin-. 

90.  Reduction    Factor.       Tbese    experiments   tell    us 
that    it'  a  current    flows  round  a  galvanometer  coil,  the  t'nrcr 
tliat     it    produco   at    the    crntrt'    is   (1)   proportional    to    tlu« 
-ti-rngth,(2)  proportional  to  tlit>  nunil>rr  of  turns.  <;{)  invrraely 
proportional  to  tbc  ra«liu>. 

Now  a  cimvnt   of  1  anipi-rc  flowiim-  rouinl  a  rin^  of  one 

rriitimrtiv   railiu-   rxrrts  a    t'oi-cc  of  **^  d\in's  at   the  cent  IT  : 

liciirr    C    anipriv-    \\ill    cXci't    a    t'orre   of  -  '    dviio   at 

ccnti-c  of  a  rini:  of  //  turn^  and  radiu>  /•  cm. 

It'  tbi-  force.  F.  product^  a  deflexion  o  of  ;t 
at    it-,  centre,  we  knou    that 


•J7T//C  ^ 

F-Htan5-  .      i.e.  C  =  tan  8. 


86  Galvanometers 

The  fraction  is  called  the  reduction  factor  of  the 

27m 

galvanometer.     It  is  usually  denoted  by  K. 

The  expression is  spoken  of  as  the  galvanometer 

constant 

In  many  galvanometers  it  is  not  easy  to  measure  either 
n  or  r.  Hence  the  reduction  factor  must  be  determined 
by  experiment  To  do  this  connect  up  in  series  with  an 
accurately  graduated  ammeter  and  find  the  current  Note 
the  current  and  the  deflexion.  Substituting  in  the  equation 
C  =  K  tan  8,  we  find  the  value  of  K.  Once  K  has  been 
found,  we  can  measure  any  current  without  difficulty  by  a 
tangent  galvanometer.  As  a  rule  however  we  do  not  use 
galvanometers  to  measure  currents  but  only  to  compare  one 
current  with  another.  (See  also  Arts.  30,  31.) 

91.  Reverser.  In  using  a  galvanometer  for  accurate 
work  it  is  often  connected  up  through  a  reverser.  This  helps 
to  eliminate  any  error  due  to  the  galvanometer  not  being 
set  up  exactly  in  the  meridian. 


Fig.  59. 

The  reverser  shewn  in  the  figure  consists  of  two  parts. 
The  one  is  a  block  of  ebonite  in  which  are  drilled  four  cups, 
half  filled  with  mercury  and  connected  to  the  four  terminals 
at  the  sides.  The  other  part  is  a  frame  of  two  parallel  copper 
bars,  the  ends  turned  down  to  dip  into  the  cups.  The  bars 
are  joined  by  a  piece  of  ebonite.  A  pair  of  cups  diagonally 
opposite  are  joined  to  the  galvanometer.  To  reverse  the 
current  lift  the  irame  and  turn  through  a  right  angle  before 
replacing. 


Mirror  d' 
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92.    Sine  Galvanometer.    The  plane  of  the  coil  of  a  tan 

•_r;il\  aiiometer  must  always  he  in  the 
meridian:  the  current  is  projM»rtional  to 
the  tanirent  of  the  angle  hetween  the 
needle  and  thi>  plane.  In  the  Sine  gal- 
vanometer the  coil  is  turned  ahout  a 
vertical  diameter  until  its  plane  contains 
the  axis  of  the  deflected  needle.  The 
sine  of  the  angle  which  it  makes  with  the 
meridian  is  projM.rtional  to  the  current. 
This  is  sufficiently  explained  l»y  tig.  60. 

Here  P  as  before  is  equal  to  -      -  and 

is  at  right  amrlo  to  the  plane  of  the  coil 
hut  not  to  the  meridian.  The  axis  of  the 
needle  is  in  the  direction  of  the  resultant 
of  F  and  H:  therefore  F  =  H  sin  8, 


sin  d. 


Fig.  60. 


the 


The  instrument  is  seldom  used  and  is  of  little  importance. 

93.     Kelvin's  Reflecting  Galvanometer,     hi  this  the 
tidil  is  due  partly  to  a   ina.irnrt  AT#  Supported  uvrr 
Gl,  62).     The  needle  itself  is  a 
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piece  of  watch-spring  stuck  to  the  back  of  a  light  mirror  M. 
The  combination  is  suspended  at  the  centre  of  the  coil,  (7(7,  by 
a  fibre,  t//l  free  from  torsion.  In  place  of  a  pointer  fixed  to 
the  needle,  a  beam  of  light  thrown  from  a  lamp  and  reflected 
by  the  mirror  is  focussed  by  a  lens  on  a  scale. 


Fig.  62. 

As  usually  arranged  the  lamp  is  used  to  illuminate  a 
narrow  vertical  slit,  S.  The  light  diverging  from  this  is  made' 
to  converge  by  the  lens  F,  then  reflected  by  the  mirror  M 
and  finally  focussed  on  a  graduated  horizontal  scale  fixed 
above  the  slit.  When  no  current  passes,  the  image  of  the 
slit  should  fall  on  the  zero  of  the  scale. 

If  the  mirror  is  deflected  through  an  angle  0,  the  reflected 
beam  is  deflected  through  an  angle 
20  (for  the  normal  to  the  mirror 
turns  through  6  and  the  angle  be- 
tween the  incident  and  reflected 
rays  is  20).  If  then  d  is  the  distance 


Fig.  63. 


from  scale  to  mirror,  s  the  distance  of  the  image  from  the 
zero,  s/d  =  tan  20. 

If  the  angle  0  is  small,  tan  20  is  practically  equal  to  20  or 

to  2  tan  0.     Hence  -j=  2  tan  0=  2  —  ,  where  C  is  the  current 

Ct>  K- 

and  K  the  reduction  factor.     This  result  shews  that  for  small 
angles  the  current  is  proportional  to  the  scale  deflexion. 

In  some  cases  the  reduction  factor  K  may  be  calculated  as 
in  Art.  90,  if  we  know  the  strength  of  the  field;  it  would, 
however,  generally  be  much  simpler  to  find  it  experimentally, 
by  passing  a  small  known  current  through  the  instrument  and 
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noticin-  the  deflexion.  Tin'  constants  are  generally  stated  by 
tin-  makers.  For  comparison  of  currents  a  knowledge  of  it- 
value  is  not  nece>-ar\.  If  tlie  mirror  M  is  concave,  the  lens 
/•'  i-  not  necessary. 

A  word  must  be  added  about  the  control  ma-net.  This  i- 
adjustable  in  two  ways,  (tn  it  can  he  twisted  about  the  vertical. 
(b)  it  can  be  raised  or  lowered.  The  first  adjustment  enable- 
the  iniaire  <>f  the  slit  to  be  brought  to  the-  y.ero  of  the  seale. 
The  -econd  alters  the  sen>iti\ene—  .  If  the  ma-net  is  low  the 
field  is  strong;  if  it  is  raised  the  field  is  weakened.  t'snally 
the  galvanometer  is  placed  in  such  a  position  that  the  mirror 
is  due  east  of  the  lamp.  >o  that  if  the  control  magnet  is 
sutliciently  raised  the  field  (due  to  earth  and  control  )  in  which 
thi-  mirror  ma-net  lies  may  be  brought  to  almost  any  desired 
.-tivn-th.  If  the  field  of  the  magnet  exactly  neutralised  the 
field  of  the  earth,  then  the  position  of  the  mirror  would  be 
:M,  \erned  only  by  the  torsion  of  the  support  and  a  very  small 
current  would  produce  a  large  deflexion. 

94.  In  "Moving  Coil  "  galva- 
nometers the  external  field  is  due 
to  a  -troll-  permanent  magnet  NS 
between  the  polrs  of  which  han-s  the 
galvanometer  coil  rr.  suspended  bv  a 
li-ht  to]xi,,n  wire  w  thron-h  which 
the  current  enter-.  The  position  of 
the  coil  i-  accurately  indicated  b\ 
li-ht  reflected  from  a  mirror  M.  A 
cylinder  of  iron  <i  i-  fixed  betueen 
the  pole-.  Thi-  i-  onl\  ju-t  cleared 
b\  the  coil.  It  >ervcs  to  concentrate 
the  field  (/'.  HIT-  \:Ul  \Vhen  no 
current  i-  pa--in-  the  coil  should 
hail-  evenh  iM-tweeu  the  Ilia-net 
pole-  with  the  normal  to  it>  plane 
at  ri-ht  angles  to  the  line-  of  ma- 
netic  force.  The  deflexion  produced  i-  uearlx  proportiou.-d  to 
the  magnitude  of  the  current. 


95.     Ammeters.      An   ammeter  differ-   from  a   u 
meter    in    that     it     mea>ure-   a    current    dircctlx     in    ampere- 
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There  are  many  different  kinds  in  use.     One  of  the  best 
consists  of  the  following  parts: 

(1)  A    strong    permanent    magnet,   to   which   iron   pole 
pieces  (P)  are  fixed,  producing  a  field  independent  of  the  earth. 

(2)  A  moving  coil  cc  through  which  the  current  passes. 

(3)  A  pair  of  springs  like  the  hair  spring  of  a  Match, 
which  regulate  the  motion  of  the  coil,  and  lead  the  current  to 
and  from  it. 


Fig.  65. 

Ill  the  figure,  cc  is  the  moving  coil.  For  convenience  of 
description  part  of  the  magnet  is  supposed  to  be  broken  off. 
The  front  spring  is-  shewn  fastened  at  the  centre  to  the  bar  b ; 
the  other,  coiled  the  opposite  way,  is  at  the  back. 

The  coil  of  wire  is  so  shaped  that  it  can  move  in  the 
cylindrical  space  which  separates  the  pole  pieces  of  the 
magnet.  It  is  mounted  with  its  axis  along  the  centre  of  this 
space.  When  no  current  passes,  the  springs  bring  the  plane" 
of  the  coil  at  45°  to  the  lines  of  force  between  the  poles. 
When  a  current  is  flowing,  the  forces  which  it  calls  into 
existence  tend  to  twist  the  coil  round  in  the  direction  bceP 
until  its  plane  is  at  right  angles  to  the  lines  of  force  ;  the 
magnitude  of  these  forces  is  dependent  on  the  current.  The 
angle  through  which  the  coil  turns  will  therefore  be  dependent 
on  the  relative  values  of  the  strength  of  the  springs  and  of  the 
current.  This  angle  is  measured  by  a  long  light  pointer  f 
fixed  to  the  coil  which  moves  over  a  scale  marked  in  amperes. 
The  current  is  brought  from  the  terminals  T,  T  of  the  in- 
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strnment  to  the  coil  by  means  of  tin-  irovernini:  sprim:-.  As 
in  the  case  of  the  moving  coil  galvanometer  a  soft  iron 
cylinder  <•  is  placed  at  the  centre  of  the  coil.  The  pivots 
of  the  coil  have  their  bearings  in  this. 

Now  it  is  evident  that  a  coil  like  this  will  not  stand  larire 
(in  rents:  a  current  of  an  ampere  would  bum  it  out;  so  that 
if  it  is  required  to  measure  such  currents  it  must  be  shunted. 
The  >hunt  i>  >hcwn  at  S  in  the  figure.  There  is  very  little 
difference  then  tatween  an  instrument  intended  to  measure 
an  ampere  and  one  intended  to  measure  200  amperes.  The 
same  mechanism  will  suffice  for  the  two,  but  the  one  intended 
for  large  cm-rents  must  be  shunted  with  a  lower  resistance. 

96.  Voltmeters.     The  ordinary  voltmeter  is  similar  in 
coi  i>t  ruction   but  differs  in  that  the  coil  instead  of  being 
>hunted    i>   placed  in   series  with  a  high   resistance.     The 
in-tnmient.   therefore,  tells  the  voltage  between  two  places 
by  measuring  the  current  which  passes  l>etween  them   when 
joined  up  through  a  definite  high  resistance.     It   is   UM -h •-- 
for  ineaHireinents  in  static  electricity  for,  obviously,  it  only 
measures  current. 

97.  Astatic  Galvanometer.    If  two  magnetised  needles 
exactly  >imilar  were  fixed  parallel  to  one'  another  with  unlike 
poles  together,  then  it  is  evident  that  the  action  of  the  earth's 
field  on  one  needle  would  be  neutralised  by  the  action  of  the 
other:     the    combination    would    not    tend    to    point    in   an\ 
definite  direction.     Such  an  arrangement  i>  called  AMatic. 


N  S 

66. 

Now   ^uppose  an  astatic  combination   U  >n>pended  as   in 
the  linn  re  and   that  a  current  flo\\>  alonir  the  \\ire  AB.     The 
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effect  of  this  current  will  be  to  tend  to  make  both  needles 
turn  in  the  same  sense  at  right  angles  to  the  wire  :  the  only 
force  to  hinder  this  is  that  exerted  by  the  torsion  of  the 
support 

The  effect  of  the  current  may  be  increased  if  a  coil  of  wire 
is  wrapped  round  one  of  the  needles:  if  a  coil  surrounds 
each,  the  windings  must  be  in  opposite  directions  (fig.  67). 


Fig.  67. 

A  combination  of  magnets  fixed  with  opposite  poles 
together  would  be  perfectly  astatic  if  (1)  the  axes  were 
parallel,  (2)  the  magnetic  moments  were  equal.  These 
conditions  cannot  be  realised  in  practice,  so  that  the  position 
of  the  magnets  is  in  reality  controlled  to  some  extent  by 
the  earth's  field.  Astatic  galvanometers  are  used  more  for 
detecting  small  currents  than  for  measuring  them. 

98.  A  Ballistic  Galvanometer  is  used  to  measure  a 
quantity  of  electricity:  not  the  strength  of  a  current.  Its 
construction  however  is  similar  to  an  ordinary  galvanometer 
in  that  it  consists  of  a  magnetic  combination  and  a  coil.  We 
shall  suppose  the  coil  fixed  and  the  magnet  free  to  move. 
If  a  battery  is  suddenly  connected  up  through  a  ballistic 
galvanometer  to  the  plates  of  a  condenser,  a  large  current 
will  flow  for  a  short  time.  The  total  charge  which  passes  is 
measured  by  the  product  of  this  time  and  the  average  current. 
In  passing  through  the  coil,  the  current  exerts  a  force  on  the 
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magnet  and  >••  irivr>  it  an  impul>c  or  l»lox\  :  tin1  effect  of 
xvhich  max  IK-  compared  with  the  effect  of  a  horizontal  blow 
on  a  pendulum  bob.  The  deflexion  (6)  produced  and  the 
total  cliar-v  i  Quire  connected  bv  the  relation 

/T    .     6 
Q  =  T8m2' 

where  /•  i>  the  reduction  factor  of  the  iralxanometer  and  T  is 
the  time  of  free  oscillation. 

Usually  a  reflecting  system  is  adopted  and  the  deflexion  6 
is  small:  in  this  case  the  charge  is  nearly  proportional  to  the 
throw. 


EXAMPLES 


1.  Two  cell-  are  connected  up  in  turn  with  a  high  resistance  galvano- 
meter and  -_ri\«-  deflexion.-  .if  23°  and  13°.     If  the  K.M.F.  of  the  first  is 
1  -J  volts.  what  is  that  of  the  second? 

2.  A  coil  of  six  turns,  e;u-h  of  which  is  0-J  metre  in  diameter,  deflects 
a  coinpa.xs   needle   at   its   centre   through    4<»  .      Kind    the   strength  of  the 
current.       //     M'18.) 

3.  A  galvanometer    re-i-taiice  •_'  ohms    is  ].  laced  in  circuit  with  a  rell 
H.F.  1  volt  and  iT-i-tancc  A  ohm.      If  the  eoil  lia^  •_'<)  turn>  of  diameter 

1"  em  .  \\hat  deflexion  will  he  produced  (     r//  =  (V18.) 


4.  A  lottery  \\lu-ii  jnined  to  a  tangent  galvanometer  of  lo  ohms 
resistaBM  '_'i\c-  a  dclli-\ion  of  60°.  If  a  resMam-e  of  -J«»  ohms  is  in>rrir.l 
ill  the  rin-uit  tin-  detlrxion  falls  to  4^>  .  Wliat  i-  tin-  n^i.-lanee  «-t'  the 
l.att- 


5.  The  eoil  of  a  tangent  gal\  an<  .im-ter   i-   placed  at    ri-ht  aii-l«^  to  the 
meridian.      W,,idil   it    !.«•  |n.^il,||.  t,,  determine  the  direction  or  magnitude 

.i-rent  uhich  can  1-e  made  t.,  tl«.u   thn.u-h  it   ' 

6.  K\  plain    the    advantjigcs   and   disiulvantages   of  a    -u-p*  tided    i-»\\ 
galvauiom.  '.ipan-d  with  an  inMi  unieiit  \Mth  a  x,,>pende.l  mamidic 
needle. 

7.  A  tangent  galvanometer  ha-  tWO  c.,nc«-ntrie  \\indiirj-.  "in-  ••!'  radius 
.'.  '  ni   and    is  turn-,  and  the  other  of   radius    i:»cn.    and   ::••  turn-.      What 
deflexion   will   IN-   produced  I  .  v  a  current   ..f    «M  ampen-  which 

l»'th  in  the  same  dire,  tio,,  /    (7/-(r20.) 
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8.  A  battery  of  6  cells  in  series,  an  ammeter  and  a  key  are  arranged 
in  circuit.    The  poles  of  the  battery  are  also  connected  to  the  terminals 
of  a  high  resistance  voltmeter.    The  voltmeter  registers  12'4  volts  before, 
and   10*6  volts  after,  the  ammeter  indicating  15  amperes.     What  is  the 
resistance  of  each  cell  of  the  battery  ? 

9.  In  a  tangent  galvanometer  is  there  any  need  for  the  coil  to  be 
circular  ? 

10.  If  the  needle  of  a  tangent  galvanometer  is  not  exactly  in  the 
middle  of  the  card,  will  the  readings  be  correct  ? 

11.  Has   the   sine   galvanometer   any  advantage    over   the    tangent 
galvanometer  ? 

12.  In  a  mirror  galvanometer  the  lamp  and  scale  are  one  metre  away 
from  the  mirror.     If  a  current  of  '0006  ampere  moves  the  spot  of  light 
3*2  cm.  on  the  scale,  what  is  the  reduction  factor  of  the  galvanometer  ? 

13.  In  the  moving  coil  galvanometer  is  the  position  relative  to  the 
meridian  of  any  importance? 

14.  How  is  the  magnetic  combination  in  a  so-called  astatic  galvano- 
meter controlled  ?    On  what  does  its  sensitiveness  depend  ?    Can  it  be  used 
for  measuring  currents  ? 

15.  In  some  forms  of  ammeters  the  moving  system  is  controlled  not  by 
a  spring  but  by  gravity.     Discuss  the  merits  of  the  gravity  control. 

16.  A  tangent  galvanometer  is  connected  in  series  with  a  copper 
voltameter  and  a  source  of  current  and  gives  an  average  deflexion  of  45° 
during  the  20  minutes  that  the  current  is  passing.    It  is  found  that  0'4  grm. 
of  copper  are  deposited  on  the  kathode.    Calculate  the  reduction  factor  of 
the  galvanometer. 

17.  Shew  that  in  a  tangent  galvanometer  the  deflexion  is  independent 
of  the  moment  of  the  magnet,  and  explain  why  it  is  well  to  have  a  magnet 
which  is  both  strong  and  short. 

18.  On   what   conditions  does  the  sensitiveness   of   a  galvanometer 
depend  ? 

19.  Shew  that  in  a  Kelvin  reflecting  galvanometer  the  current  is  nearly 
proportional  to  the  distance  of  the  spot  of  light  from  the  zero. 

20.  A  galvanometer,  the  resistance  of  which  is  £  ohm,  being  joined  up 
in  circuit  with  a  cell  by  thick  copper  wires,  the  resulting  current  is  noted  ; 
and  it  is  found  that  the  current  in  the  galvanometer  is  halved  if,  without 
any  other  change  being  made,  the  terminals  of  the  galvanometer  are  joined 
by  a  wire  of  resistance  0*1  ohm.     What  is  the  resistance  of  the  cell  ? 

21.  Shew  that  if  a  slight  error  is  made  in  reading  the  angle  of  de- 
flexion of  a  tangent  galvanometer,  the  percentage  error  in  the  reduced 
value  of  the  current  is  a  minimum  if  the  angle  of  deflexion  is  w/4. 
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22.     A  galvanometer,  resistance  /?,  is  joined  up  to  a  cell  by  wires  of 

jiWe  n  '-i-tanee.     If  the  galvanometer  is  shunted  by  a  wire  of  resist- 

ance ./.  >hew  that  half  <>f  the  original  current  Hows  through  the  galvanometer 
if  the  internal  resistance  is 


23.  In  a  tangent  galvanometer  the  jointer  is  bent  so  that  it  registers 
in  every  cause  a  deflexion  ton  great  by  an  angle  a.     It  is  used  to  compare 
the  K.M.F.  of  two  cells.     Prove  that  the  ratio  of  the  true  E.M.F.  to  the  value 
found  fn»m  this  galvanometer  is  approximately 

tau/3/(2tana  +  tan/3), 

where  1  is  the  siun  of  the  deflexions  given  on  a  correct  galvanometer,  and 
u  i-  -mall. 

24.  A  galvanometer  of  200  ohms  resistance  is  in  series  with  a  resistance 
of  .S(M»  ohms  and  a  battery  which  has  an  K.M.F.  of  3'4  volts  and  an  internal 
i  v-Main  •••  of  r.>  ohms.     Kind  the  current  passing  through  the  galvanometer. 
Al>"  find   the  value  of  the  current    i    when  a  shunt  of  *2O  «>hni>  i>  jdaced 

the  ua  I  vanometer,  and    ii    when  the  same  shunt  is  placet!  across  the 


CHAPTER  X 

TEMPERATURE   EFFECTS 

99.  Temperature  and  Resistance.  To  find  the  effect 
of  temperature  on  the  resistance  of  a  wire. 

Take  a  couple  of  yards  of  fine  copper  wire,  say  number  28, 
coil  it  up  and  join  its  ends  to  thick  leads  by  means  of  binding 
screws  and  immerse  it  in  a  water  bath.  The  leads  are  to  be 
joined  to  the  resistance  gap  in  a  B.A.  bridge  or  P.O.  box. 
Raise  up  the  temperature  of  the  water  to  100°  C.  and  find  as 
in  Art.  74  or  75  the  resistance  of  the  wire.  Allow  the  bath 
to  cool,  but  keep  it  well  stirred.  Take  the  readings  of  the 
resistance  at  different  temperatures  between  Oc  C.  and  100°  C. 
Tabulate  the  results  and  plot  a  curve  between  resistance  and 
temperature. 

In  all  metals  the  resistance  increases  with  rise  in  tempera- 
ture. With  pure  copper,  platinum,  silver,  gold  and  some 
others  an  approximate  law  connecting  "Rt  the  resistance  at 
£  C.  and  R0  the  resistance  at  0°  C.  is 


where  a  is  different  for  the  different  metals  but  approximately 
equal  to  '0038. 

A  comparison  of  this  with  the  gas  pressure  law  of  Gay- 
Lussac,  Pt  =  (1  +  '003660  po,  seems  to  indicate  the  existence  of 
an  absolute  zero,  near  to  -  273°  C.,  at  which  these  pure  metals 
are  perfect  conductors. 

In  carbon  and  electrolytic  solutions  the  resistance  de- 
creases with  the  temperature. 

1  OO.  Seebeck  Effect.  If  two  wires  of  different  materials, 
say  copper  and  iron,  are  joined  up  to  form  a  single  circuit, 
and  if  one  of  the  junctions  is  heated,  a  current  of  electricity 
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will  circulate.     An  easy  way  to  shew  this  is  to  join  one  end 
of  each   wire  to  the  terminals  of  a  sensitive  galvanometer, 

twi-t  the  free  ends  together  and  warm  them.     The  warmth  of 
the  fingers  is  often  sufficient  to  produce  a  sensible  deflexion. 


Antimony 


Bismuth 
Fig.  68. 

A  imt  her  simpK' method  of  shewing  the  existence  of  thcrmo 
electric  currents  is  to  heat  one  junction  of  a  bismuth-ant  iinnm 
couple  (tiir.  <>8).     If  the  frame  is  held  in  the  meridian  the 
compass  needle  mounted  in  the  centre  will  be  deflected. 

1O1.     E.M.F.   and  Temperature.     To  find   how    the 
E.M.F.  of  a  copper-fron  junction  varies  with  the  temperature. 

also    <|ii.  29.  p.  242.)     If 
tin    nm-v   of  temperature  is 
from  n  G   to    inn    G  the  ar- 
rangement     in     the     diagram 
•  '»!»  i  i-  convenient. 

An  accumulator  l\  or  other 
cell  of  eon>tantE.M.F.  i>  joined 
up  to  a  re>istauce  coil  It  and 
a  potentiometer  wire  .1  //. 


|ro/7 


The  junctions  of  the  couple  are  placed  in  l>caker>  <  .  I>. 
one  containini:  water  ke)»t  at  0°  C.  In  lum|»>  of  ice.  the  other 
containin-  water  at  anv  tc-mpei-atui-e  re<|uired.  The  couple 
i-  made  of  bare  inui  wire  -oldered  01- joined  l»\  lundin.i:  scre\\  - 
t<.  the  CU|»|HT  \\iiv-. 

l;.-jin  with  iM.ilini:  water  in  the  hot  liatli.  l-'iiul  a-  in  the 
e\|.rriine!it.  Ail.  81,  the  |>oint  A'  a t  \\hich  coniaet  must  be 
made  with  the  potentiometer  "ire  toi-  no  eiirrent  to  pa  — 
throil-h  the  -ahanometel-  (,'.  Mea-ure  the  distance  .1  A. 

Allou    the    hot    hath   to  cool   and    take   reading  for  about 

e\er\  ten  <  1  egTeCS  fa  1 1 .  IMot  a  ciine  betW6en  the  dillei-eliee 
in  the  temperature  of  the  hath-  and  the  leimth-  aloiiu  the 
potentiometer  \\ire.  Thi-  -hevs-  the  relation  hetueeii  the 
E.M.F.  and  tin-  temperature. 

7 


98  Temperature  Effects 

The  resistance  coil  R  must  be  properly  chosen  :  if  it  happens  that  the 
first  point  X  comes  quite  close  to  A,  R  is  too  small.  If  it  is  impossible  to 
find  X  at  all,  either  R  is  too  big  or  the  cell  is  coupled  up  the  wrong  way. 
No  definite  directions  as  to  choice  of  R  can  be  given.  It  depends  on  the 
length  and  the  resistance  of  the  potentiometer  wire.  Try  first  with 
/?=2000  ohms  and  change  if  necessary. 

To  find  the  actual  value  of  the  E.  M.  p.  due  to  the  thermo-couple  we  must 
know  the  resistance  of  R  and  of  the  potentiometer  wire  per  centimetre  as 
well  as  the  E.  M.  p.  of  the  cell. 

Suppose  R  is  2000  ohms,  the  E.M.F.  of  the  cell  1'08  volts,  the  length  of 
the  wire  6  metres  and  its  resistance  per  metre  1'23  ohms,  and  that  A  X  is 
285  cm.  long.  Now  the  fall  in  potential  between  the  poles  of  the  cell  on 
being  connected  up  with  a  resistance  of  over  1000  ohms  is  very  small  and 
may  be  neglected.  Hence  the  current  along  the  potentiometer  wire  is 

1'08 

2000+6    f23  amPeres'  i>e-  '°00538  amP-     Tne  foil  i«  potential  per  centi- 
metre along  the  wire  is  therefore  '000538  x  '0123  volt 

The  E.M.F.  of  the  thermo-couple  is  then  '000538  x '0123  x  285  volts, 
i.e.  '00183  volt. 

The  E.M.F.  obtainable  from  a  copper- 
iron  couple  is  very  small,  rather  less  than 
20  microvolts  per  degree  centigrade.  A 
bismuth-antimony  couple  has  five  or  six 
times  this  value.  It  is  used  in  thermo- 
piles  for  detecting  radiant  heat.  In  this 
instrument  many  couples  are  joined  zigzag 
in  series  and  the  alternate  junctions  ex-  pjg>  70. 

posed  to  the  source  of  heat. 

1O2.  Neutral  Temperature.  The  graph  obtained  by 
the  experiment  in  Art.  101  seems  to  indicate  that  the  E.M.F. 
of  the  thermo-couple  is  nearly  proportional  to  the  difference 
in  temperature :  this  is  true  under  the  conditions.  If,  however, 
the  temperature  of  the  hot  junction  is  gradually  raised,  the 
current,  instead  of  flowing  round  in  the  direction  of  the 
diagram,  fig.  71,  and  increasing,  begins  to  diminish  after  a 
certain  temperature  270°  C.  is  reached,  vanishes  at  540°  C. 
(2  x  270°)  and  then  reverses.  The  temperature  270°  C.  at 
which  the  current  begins  to  diminish  is  independent  of  the 
temperature  of  the  other  junction :  it  is  also  the  mean  of  any 
two  different  temperatures  at  which  the  junctions  may  be 
maintained  to  give  no  current  and  is  therefore  called  the 
neutral  temperature. 


fc&%8&883 
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1O3.     Peltier  Eflect.     The  existence  of  thermo-electric 

currents  was  discovered  in  1821  by  Seebeck  and  the  pheno- 
menon is  called  after  him — the  Seebeck  effect  The  converse 
of  this  is  known  as  the  Peltier  effect  If  a  current  flows 
across  a  junction  of  two  different  metals,  then  heat  is  either 
absorbed  or  liberated  at  the  junction,  i.e.  the  junction  is 
cither  cooled  or  wanned.  If,  for  instance,  a  battery  drives  a 
current  round  a  copper-iron  circuit  in  the  direction  shewn  in 
fi-.  ~-2.  then  the  junction  at  which  the  current  flows  from 
the  iron  to  the  copper  is  warmed  and  the  other  is  cooled 


iron 


Copper 
Fig.  71.    Seebeck  effect.  Fig.  72.    Peltier  effect. 

We  know  that  a  current  passing  through  any  conductor 
warms  it:  this  effect,  described  in  Art.  54,  and  known  as  the 
Joule  effect,  is  generally  sufficient  to  mask  the  Peltier  effect 
so  that  it  i>  not  very  easy  to  illustrate  the  latter:  it  maybe 
done.  ho\\ever.  \>\  using  a  bismuth-antimony  couple  and 
placing  the  junctions  in  the  bulbs  of  a  differential  air  ther 
mometer. 

104.  Measurement  of  temperature.     The  mercury- 
in  irla»  thermometer  has  a   very   limited  range,  for  mercury 
ln»il>  at  :r>o  ( '.  and  f'ree/es  at  —  40  ( 1.     To  measure  tempera 
tun-   outside  this  range  some  other  form  of  instrument   i> 
necessary.     A  gas  thermometer  is  useful  at  low  temperatm •»  •>. 
but    not    very   convenient;    at    \i\g\\   temperatures   there   is 
diflicultx    in    iretting    a    container    which    neither    melt-    nor 
become-  pormiv      We  have   therefore   to   use   electrical    ther 
mometere.    The  t\\o  most  coinmon  tx  pe>  are  «i )  the  resiMaiice 
thermometer.  i/M  the  ther elect  i'ic  juiict  ion. 

105.  Resistance  thermometers.     Figure   ~:\  >he\\^  a 
theriiioinrtci-   which   consists   of  a   coil   of  tine   platinum   \\ire 
wound   on  a   frame   of  mica.      Tin-  ivH-lance   i-  the   c»ential 
part    of  the  iti-t  ruineiit.       It   i- joined  up  h\   thick  lcad>  to  the 

7—2 
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binding  screws  shewn  and  protected  by  a  case  or  tube.  If 
really  high  temperatures  are  to  be  measured,  the  leads  must 
be  of  platinum  and  the  tube  of  porcelain :  otherwise  copper 
and  steel  will  suffice. 

When  the  instrument  is  in  use  the  end  is  placed  in  the 
furnace  or  other  place  of  which  the  temperature  is  required 
and  the  terminals  joined  up  by  wires  to  the  "  unknown  " 
gap  on  a  RA.  bridge. 

The  resistance  is  then  determined  and  the  temperature 
calculated. 

Prof.  Callendar  and  others  have  made  accurate  investi- 
gations on  the  resistance  of  platinum  at  the  temperatures 
measured  by  the  air  thermometer.  For  our  purpose  it  is 
sufficient  to  say  that  between  0°  C.  and  1000°  C. 

f.M_        bt* 
*"100      10,000' 

where  r  =  increase  in  resistance  (measured  in  ohms)  above 

resistance  at  0°  C., 
t  =  temperature  centigrade, 

a  —  increase  in  resistance  per  degree  between  0°  C.  and 
100°  C., 

b  =  a  number  dependent  on  the  condition  of  the  plati- 
num used  and  equal  to  about  T5. 

In  practical  use  it  is  often  quite  unnecessary  to  know 
the  actual  temperature  on  the  air  scale:  it  is  sufficient  to 
know  it  on  the  platinum  scale:  in  other  words  the  tem- 
perature is  considered  to  be  proportional  to  the  excess  in 
resistance. 

In  figure  73  are  shewn  two  pairs  of  leads  and  terminals.  These  are 
necessary,  for  if  the  thermometer  is  placed  in  a  furnace  not  only  is  the 
resistance  wire  heated  but  also  the  connecting  leads :  the  resistance  of  the 
latter  rises,  so  that  the  total  increase  depends  on  what  length  of  the  stem 
is  heated.  To  compensate  for  the  uncertainty  thus  introduced  a  pair  of 
dummy  leads — shewn  by  a  single  line  down  the  centre — is  inserted.  Being 
exactly  similar  to  the  real  leads  they  suffer  the  same  increase  in  resistance : 
this  can  be  ascertained  or  eliminated. 

1O6.  Thermo-electric  thermometers.  One  of  these 
is  illustrated  in  figure  74.  It  needs  little  description.  The 
wires  shewn  in  the  interior  of  the  tube  are  of  different  metals 
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or  alloys:  perhaps  of  iron  ami  nickel;  or  of  platinum  and 
platinum-indium.  They  are  joined  to  the  terminals  at  the 
top  and  welded  together  at  the  bottom.  The  platinum  form 
may  be  used  up  to  1500°  C.  and  gives  consistent  readings. 
The  temperature  may  he  assumed  to  be  roughly  proportional 
to  the  K.  M.F.  developed.  The  latter  is  read  by  a  high  re- 
>i-tamv  mill i voltmeter. 


Fig.  74. 
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EXAMPLES 

1.  The  temperature  coefficient  of  platinum  is  '0032.    The  resistance 
of  a  length  of  wire  *of  this  substance  is  4  ohms  at  0°  C.     With  what 
resistance  must  this  be  shunted  at  50°  C.  to  reduce  the  resistance  at  that 
temperature  to  4  ohms  ? 

2.  A  length  of  manganin  wire  has  a  resistance  of  187*5  ohms  at  0°  C. ; 
the  temperature  of  the  wire  is  17°  C.    What  is  the  error  in  the  resistance 
if  the  temperature  coefficient  of  the  wire  ('000025)  is  not  taken  into 
account  ? 

3.  A  thermopile  is  joined  up  in  series  with  a  Daniell  cell,  and  the 
current  allowed  to  flow  for  a  short  time.     The  thermopile  is  then  removed 
from  the  circuit  and  connected  to  the  terminals  of  a  galvanometer,  the 
needle  of  which  is  thereupon  considerably  deflected,  but  gradually  returns 
to  its  undisturbed  position.    Explain  this. 

4.  Assuming  the  thermo-electric  powers  of  iron  and  nickel  with  respect 
to  lead  to  be  +12  and  -20  microvolts  respectively,  find  the  E.  M.  F.  of  a 
nickel-iron  couple  with  junctions  at  0°  and  100°  C. 

5.  A  ring  is  made,  partly  of  iron  and  partly  of  copper  wire,  the  junctions 
being  A  and  B.    If  A  be  kept  at  0°  and  B  at  100°,  a  thermo-electric 
current  is  produced  in  the  circuit.     Similarly  a  current  is  produced  if  A  be 
at  100°  and  B  at  200°.     Have  the  currents  in  each  case  the  same  strength? 
Give  reasons  for  your  answer. 

6.  Under  what  circumstances  can  an  electric  current  cool  the  conductor 
through  which  it  passes  ?    What  will  be  the  result  if  the  direction  of  the 
current  be  reversed  ? 

7.  The  resistance  of  a  copper  wire  is  determined  by  a  Wheatstone's 
Bridge  box  when  the  temperature  of  the  air  is  20°  C.  and  is  found  to  have 
the  value  20'25  ohms.    Calculate  its  true  value  at  0°  C.,  the  coils  of  the  box 
being  of  German  silver  and  correct  at  1 5°  C.   Assume  temperature  coefficients 
of  copper  and  German  silver  to  be  '004  and  '002. 

8.  In  a  B.  A.  bridge  the  ratio  arms  are  equal.     The  other  two  re- 
sistances K,  X  are  connected  up  by  exactly  similar  leads.     By  change  of 
temperature  the  resistances  of  X  and  the  leads  to  K  and  X  are  increased. 
The  increase  in  the  resistance  of  X  is  calculated  by  measurements  on  the 
bridge.    Will  this  calculation  need  to  take  into  account  the  alteration  in 
the  resistance  of  the  leads  ? 


CHAPTER    XI 

MA<;.\KTIC   ACTION   OF   A   CURRENT 

1O7.  WK  have  seen  in  Chapter  I  that  a  magnet  exerts 
forces  on  conductors  carrying  currents  and  that  the  current- 
exert  a  reaction  on  the  magnet  We  are  now  going  to  in- 
vestigate these  actions  a  little  more  closely. 

Suppose  we  take  a  ring  of  wire  in  which  a  current  is 
pa  —  inn.  In  the  fi.irure  the  ring  is  supposed  to  be  nearly  at 
riirht  angles  to  the  plane  of  the  pa] »er  and  the  current  flow- 
down  the  near  and  up  the  tar  side,  so  that,  seen  from  the 
inn-net  A'N.  it  -<>es  round  the  circuit  in  the  >ame  \\-.\\  as  the 
hands  of  a  watch.  The  magnet  i>  held  at  rin'ht  aii'Je-  to  the 


Fig.  7&  76. 

plane  <>t'  the  coil  and  sn  alumst  in  the  plane  of  the  paper. 
Our  cork  -<TC\V  rule  telU  ii-  that  a  free  north  pole  am  where 
on  the  axis  of  the  coil  would  he  pulled  throuu'h  the  coil  from 
the  left  hand  -ide  to  the  riuht.  Hence  there  will  U'  attraction 
l>etwecn  the  coil  and  magnet  This  attraction  can  l»e  \ei\ 
much  increased  if  -e\eral  tni'ii-  of  \\ire  are  used.  The  \\ite 
ma\  IM-  \\miiid  on  a  rini:  ( rl'.  t  he  ^al\  aiiometer  t  or  it  max  I  >e 

u..imd  in  a  helix  on  a  tni.e  in  which  case  we  get  a  soknoid 
(fig. 


104 


Magnetic  Action  of  a  Current 


108.  Magnetic  action  of  a  Solenoid.     The  lines  of 
force  due  to  the  current  flowing  in  a  galvanometer  ring  inav 
be  traced  by  the  method  indicated  in  Art.  11.     They  HIV 
found  to  be  exactly  similar  to  those  of  a  bar  magnet.     The 
only  difference  is  that  in  a  solenoid  the  lines  can  be  traced 
right  through  the  interior  ;  in  a  solid  magnet  this  is  obviously 
impossible.     In  these  particulars  a  coil  or  helix  of  wire  carry- 
ing a  current  seems  to  act  exactly  like  a  magnet.     Let  us 
see  if  we  can  produce  some  other  magnetic  effects. 

A  magnet  attracts  iron  filings.     Wrap  a  helix  of  wire  on 
a  paste-board  tube,  place  some  iron  filings  near 
one  end  of  the  tube  and  pass  a  strong  current 
through  the  wire.     The  filings  will  be  sucked  up. 

Magnets  placed  end  to  end  repel  one  another 
if  like  poles  are  together ;  attract  if  unlike  are 
together.  Hang  up  side  by  side  two  coils  of 
wire  and  arrange  them  to  swing  freely.  The 
free  ends  of  the  wire  should  be  left  long  for  this 
purpose.  Join  them  in  series  and  pass  a  current 
in  the  same  direction  round  each.  They  will 
attract  one  another.  If  the  current  in  one  is 
reversed,  they  will  repel. 

If  we  use  one  coil  only  it  will  be  attracted 
or  repelled  (according  to  the  direction  of  the 
current)  by  the  pole  of  a  magnet. 

109.  Parallel  Currents.     To  shew  the  action  between 
parallel  currents,  it  is  not  necessary  to  wrap  the  wire  into 
coils.     If  two  flexible  wires — tinsel  answers  very  well — are 
hung  up  side  by  side  about  a  J  inch  apart  and  a  current 
is  passed  down  (or  up)  both  of  them  they  will  move  nearer 
together :  but  if  the  current  passes  up  one  and  down  the 
other  they  will  separate.     Hence  with  parallel  currents  in  the 
same  direction  we  get  attraction  ;  and  with  parallel  currents 
iii  opposite  directions  we  get  repulsion. 

1 1O.  Floating  Cell.     A   magnet  capable   of  rotating 
about  a  vertical  axis  points  to  the  North  in  the  Earth's 
field.     De  La  Rive's  floating  cell  shews  the  corresponding 
effect  with  a  current  in  a  coil  of  wire.     A  beaker  containing 
dilute  sulphuric  acid  floats  in  a  pan  of  water.     In  the  beaker 
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art  immersed  a  plate  of  zinc  and  a  plate  of  copper.  These 
HIV  joined  together  <  see  %.  7tt)  by  a  helix  of  eopper  wire. 
The  current  makes  the  helix  turn  round  in  the  Earth's  field 
till  the  axis  points  North  and  South. 


Fig.  78. 

111.  Electromagnet.  A  piece  of  soft  iron  or  steel 
becomes  magnetised  by  induction  in  the  presence  of  a  magnet. 
In  the  ease  of  a  helix  we  can  place  the  iron  riuht  inside.  In 
tin-  wax  we  #et  an  electromagnet.  Take  a  short  rod  of  >«»tt 
iron  and  wrap  it  with  several  turns  of  insulated  wire.  Test 
it-  magnetism  by  means  of  filings  or  a  compass.  The  lir-t 
el  eetromagnet  appears  to  have  been  made  b\  Sturgeon  in  \\V27*. 


Fig.  79. 

A  hor-e--hoe  mairnet  must  lie  wound  so  that  one  end  i- 
a  North  pole  and  the  other  a  South.  Uememlwr  that  if  a 
nirreni  pa— es  round  a  bar  of  iron  in  such  a  wax  a-  to  appeal 
elock\vi-»-  to  the  observer,  the  en<l  of  the  iron  that  point-  to 
him  i-  Smith.  See  ti-.  1\*. 

112.  The  Electric  bell.  (Fi«r.  Hn. )  .1  /i  i>  a  >oft  iron 
platr:  MM  an  clrct romu-'net.  The  -jtrini:  N  keeps  the 
platinum-  /'.  />  in  contact  \\heii  MM  is  not  excited.  The 

current  enter-  at  the  terminal  7",  passes  round  the  ina-ncl. 
thiM.ii:!,  N.  /'.//and  back  b\  the  terminal  '/'  to  the  l.altcr\. 
While  the  current  p;i->e-  the  ina-nct  HttracU  A  II  and  pull- 
it  up  K)  that  the  hammer  MriL-  the  bell:  the  platinum-  /'.  /> 
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>i'parate,  the  current  is  broken,  the  iron  loses  its  magnetism 
and  A B  is  brought  back  to  its  old  position  by  the  spring  8. 
The  current  now  starts  again  and  the  cycle  is  repeated. 
Every  time  the  current  is  broken  at  Pp,  there  is  a  spark: 
hence  the  use  of  the  platinum  tips,[for  steel  or  brass  would 
very  quickly  burn  away. 


Fig.  81. 


113.  A  simple  electromotor  may  be  made  of  the 
following  parts. 

The  field  magnet.  A  soft  iron  shell  with  the  pole  pieces 
xV  and  8  is  cast.  The  pole  pieces  are  wound  with  insulated 
wire,  fig.  81." 

The  armature,  fig.  82,  is  a  round  cylinder  of  soft  iron  in 
which  are  cut  two  deep  grooves.  It  is  wound  with  as  many 
turns  of  wire  as  will  fill  the  groove. 


Fig.  82. 
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Th<  Cuiitiniitiitor.  The  ends  of  the  wire  are  joined  each 
to  one  half  of  a  brass  cylinder  cc.  These  half  cylinders  are 
mounted  on  an  insulating  cylinder  of  elxmite  through  which 
the  axle  A  A  of  the  armature  passes  (fig.  82). 

T/»  lirndti-*.  M>  fi.ir.  \\'.\.  Two 
brushes  of  copper  gauze  are  ar- 
ranged to  bear  lightly  on  opposite 
>ides  of  the  comniutator.  The 
current  enters  by  one  and  leaves 
by  the  other.  If  the  brushes  and  Fig.  83. 

commutator    are    arranged    as 

shewn  in  the  figure  it  is  evident  that  the  direction  of  the 
current  in  the  armature  is  reversed  at  each  half  revolution: 
the  mairnetism  in  the  armature  is  reversed  with  the  current 
In  the  position  shewn  the  lower  half  of  the  armature  is  a 
South  pole  :  the  upper  a  North.  The  armature  will  therefore 
be  pulled  round  in  the  direction  of  the  arrow  till  the  line  ns 
i>  hori/ontal. 

The  armature  current  now  re  verses,  SO  that the  left  -hand 
-idc  heroines  North:  it  is  pushed  away  from  the  North  pole 
of  the  field  magnet  and  attracted  by  the  South  so  that  the 
rotation  is  continued. 

In  these  figures  the  motor  is  shunt  wound,  i.e.  the  wind- 
in--  of  the  armature  and  field  magnet  are  in  parallel.  The 
current  from  the  leads  divides  into  two  parts:  one  enter-  the 
field  mairnet.  the  other  passes  through  the  bru>he-  and  the 
commutator  round  the  armature.  The  armature  winding  i-  a 
shunt  to  that  of  the  field  magnet. 

Thi-  •'  //  or  >i i uttle  armature  is  simple  and  easily  under- 
stood It  ha-  houe\er  \  er\  had  faults.  The  sudden  rexcixd 
of  the  armature  current  jpYeti  ri-e  to  ^parkiim:  the  torque 
produced  i-  ver\  uneven:  the  machine  will  not  start  h\  it-elf 
in  all  |><»itiou8. 


CHAPTER  XII 

INDUCED   CURRENTS 

114.  Currents  induced  by  Magnets.  We  have  seen 
several  examples  of  magnetic  effects  produced  by  currents. 
Faraday  in  England  and  Henry  in  America  worked  at  the 
converse  problem  of  producing  currents  by  means  of  magnets. 


Fig.  84. 

Take  a  coil  of  several  turns  of  wire  and  join  the  ends  of  it 
by  long  leads  to  a  delicate  galvanometer.  Bring  the  North 
pole  of  a  magnet  quickly  up  to  the  face  of  the  coil.  What 
effect  has  this  on  the  galvanometer  ?  When  the  needle  has 
come  to  rest  withdraw  the  magnet  quickly  and  again  notice 
the  galvanometer.  Repeat  the  experiment  by  bringing  up  the 
South  pole.  Note  carefully  the  direction  of  the  deflection  in 
each  case.  In  these  experiments  the  galvanometer  must  be 
some  little  distance  from  the  coil:  otherwise  the  action  of 
the  magnet  on  the  galvanometer  needle  will  be  sufficient  to 
produce  deflection. 

115.  Currents  induced  by  currents.  Two  coils  of 
wire  are  to  be  placed  face  to  face.  A,  the  primary  as  we 
shall  call  it,  is  to  have  in  series  with  it  a  cell  and  key  K  by 
which  circuit  may  be  made  or  broken.  B,  the  secondary,  is  to 
be  connected  by  long  leads  to  a  galvanometer,  G.  (1)  Start 
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a  current  in  A  by  depressing  the  key:  notice  the  galvano- 
meter  as   you  do  so.     (2)  Break    the   current   by  releasing 

the  k»-\. 

Hare   a    bar  of  soft    iron 

through  the  two  rings,  and  re- 
peat the  experiment  by  mak- 
ing ami  breaking  tin-  circuit. 
What  difference- are  ol)served? 

Find  out  the  direction  of  Fip  85 

the  current  in  the  primarx  .1  : 

find  out  also  that  in  the  secondary  B  when  A  is  (1)  made. 
(2)  broken. 

Vary  the  experiment  by  keeping  a  steady  current  in  A 
and  suddenly  separating  the  coils  or  bringing  them  nearer 
together.  Since  a  current  in  a  ring  behaves  exactly  a-  a 
mairnet.  tin-  variation  of  the  experiment  is  only  a  repetition 
nf that  in  Ait.  114. 

116.  Faraday's  ring.  The  apparatus  with  which  Faraday 
in  1»:U  discovered  the  existence  of  induced  currents  was  a  rin- 
of  soft  iron,  about  six  inches  in  diameter.     <  Mie  side  of  this 
irafl  wrapped  with  a  coil  of  insulated  wire  the  ends  of  which 
could  be  connected  to  a  battery.    The  other  side  was  wrapped 
with  a  second  wire  kept  quite  separate  from  the  first.     The 
end-  of  this  W.TC  joined  to  a  galvanometer.     On  connecting 
up  the   battery  through  the  primary.  Faraday  found   that  a 
trail-lent   cm-rent    was  produced  through   the  secondary:   on 
breaking   the    primary  there    was   another    tran-ient    current 
in    the  opposite  direction. 

117.  Lenz's  Law.     Sup]H)se  A  A  is  a  ring  of  wire  in 

the  plane  of  the  paper.     If  the  North  pole  of  a  

ma-net  oomee  up  to  this  from  beoeath  along       f         ^ 

the  axi-  of  the   HIIL:.  a   current    is   induced.     AA  \A 

The    j>reee(iin-    experiment-   -lieu    that    tlii-         V  J 

current    i-  in   the  dii-ection  indicated  b\   the 
arrow.     The   rimr  with    it-  current    i-  e<|iii 

valent  to  a  ma-net  with  it-  North  pole  do\\n\\ank  its  South 
upward-.  It  will  therefor,  «-\<  i  t  a  rejnil-ioii  on  the  approaeh- 
ini:  ma-net  and  tend  to  cheek  it-  motion.  If  li<.\\e\er  the 
mairiiet  i-  \\ithdra\\n.  the  induced  current  i-  re\cr-ed.  -.,  that 
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there  will  be  a  pull  on  the  retreating  magnet ;  again  tending 
to  check  the  motion. 

These  cases  illustrate  a  general  law  enunciated  by  Lenz. 
"  The  direction  of  an  induced  current  is  always  such  as  to 
tend  to  stop  the  cause  producing  it" 


Fig.  87. 

Again  consider  two  wires  A,  B  side  by  side.  If  A  carries 
a  current  and  is  brought  up  nearer  to  B,  there  is,  as  we  have 
seen  above,  a  current  in  B  in  the  opposite  direction :  so  that 
(Art.  109)  we  have  a  repulsion  between  the  conductors  A  and 
B  tending  to  stop  the  approach.  If  on  the  other  hand  A  is 
removed,  the  current  in  B  is  reversed  (i.e.  is  now  in  the  same 
direction  as  that  of  A),  so  that  we  get  an  attraction  tending 
to  check  the  separation. 

The  starting  of  a  current  in  A  has  the  same  effect  on  B 
as  the  sudden  approach  of  A  to  B',  hence  the  starting  of  a 
current  induces  a  reverse  current  in  B  ;  the  cessation  of  the 
current  in  A  induces  a  direct  current  in  B. 

118.  The  Induction  Coil.  The  main  parts  of  an 
induction  (Rumkorff )  coil  are 

(1)  the  core  AB:  a  rod  of  soft  iron  or  bundle  of  soft  iron 
wires ; 

(2)  the  primary   winding:    this  is  a  helix  of  thick  wire 
wrapped  round  the  iron  core.     The  length  of  this  is  short  and 
there  are  only  a  few  layers ; 

(3)  the  secondary  winding:  this  consists  of  a  very  large 
number  of  turns  of  fine  wire :  it  may  be  half  a  mile  or  more 
in  length.     The  ends  w,  w  of  this  are  joined  directly  to  the 
terminals  at  the  top  of  the  coil.     The  wire  must  be  carefully 
insulated.    It  is  usually  wound  in  several  sections  and  mounted 
on  an  ebonite  spool ; 
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(4)  a  contact  breaker.     In  the  figure  we  shew  a  hainnu T 
break.     A  x.tt  iron  head  H  is  attached  to  the  spring  S.     The 
act  inn  N  r\act  I  \  >imilar  to  that  of  an  electric  bell.     P,  p  are 
platinum  Muds.     The  hammer  break  is  generally  replaced  in 
large  coil>  b\  a  motor  or  elect  ml  v  tic  break  : 

(5)  a  condenser  <7C,  the  opposite  sides  of  which  are  joined 
to  the  -crew   IT  and  hammer  in  the  break.      It  consists  of  a 

number  of  sheets  of  tinfoil,  insulated  b\  waxed  paj>er. 


88. 


The  action  is  as  follow>:  When  the  current  i>  >\\  itched  on. 
it  magnet  i-e-  the  core  AU.  This  creates  an  induced  current 
n»r  at  anv  rate  an  induced  K.  .M.F.  )  in  the  secondary.  When 
the  core  i-  fulh  magnetised,  the  primary  cm-rent  i>  >nddenl\ 
ln-oken.  for  the  head  H  is  pulled  over  to  the  core  and  contact 
i>  broken  at  Pp.  The  sudden  stoppage  of  the  current  in 
the  primai-N  ghrefl  rifle  t«»  another  induced  cm-rent  in  the 
secondarx  :  thi^  will  be  in  the  direction  opposite  to  that  of 
the  fii-M  induced  current.  Hence  as  the  current  in  the 
pi-imar\  i-  made  and  broken  it  induces  a  backwanl  and 
for\\ard  C.M.I,  in  the  >econdar\.  The  magnitude  of  the 
imluced  r..M.r.  i-  dependent  on  the  number  of  turu^nf  uhv 
in  the  -cc..  ndar\  :  the  irreater  the  number  <»f  turn>  the  hiuhcr 
the  i:.  M.I. 

It  i-  \er\  important  to  remciul>er  t  hat  the  current-  induced 
in  the  M-roiidar\  la>t  nnl\  a>  loiiu  a-  the  chan-o  pi-mjiieini; 
them  la>t.  When  a  >tead\  state  i-  reached  in  the  jirimarx. 
the  cm-rent  in  the  -rcondarx  ceases. 
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119.  The  action  of  the  condenser.     In  an  electric 
bell  there  is  a  little  sparking  at  the  platinums:  this  is  caused 
by  the  sudden  breaking  of  the  current.     The  current  in  an 
induction  coil  is  very  much  larger  than  that  required  for  a 
bell  so  that,  unless  some  steps  Avere  taken  to  prevent  it,  the 
sparking  at  the  terminals  would  be  excessive  and  quickly 
wear  the  platinum  away.     When  however  the  condenser  is 
inserted  it  is  no  longer  necessary  for  the  current  to  "  an- " 
across  the  gap:  it  may  go  to  charge  up  the  condenser  instead. 

The  condenser  has  another  effect:  it  enables  the  current 
in  the  primary  to  vanish  quickly:  it  also  causes  the  rise  of 
the  current  when  contact  is  renewed  to  be  less  rapid.  In 
other  words  it  accelerates  the  "  break "  and  retards  the 
"  make."  Now  the  E.  M.  F.  in  the  secondary  at  any  time  varies 
with  the  rate  at  which  the  primary  current  is  changing :  it  is 
therefore  much  greater  at  the  break  than  at  the  make.  If 
the  E.M.F.  produced  at  the  make  is  insufficient  to  allow  the 
discharge  to  pass  a  spark  between  the  terminals  of  the 
secondary,  we  can  only  get  a  current  at  the  break :  this  will 
always  be  in  the  same  direction:  it  will  obviously  not  be 
continuous  but  will  pass  in  a  series  of  pulses. 

1 2O.  The  Earth  Inductor.    This  con- 
sists of  a  ring  of  large  diameter  wrapped  with 
several  turns  of  wire.   It  is  so  arranged  that  it 
can  turn  about  a  vertical  diameter  in  its  plane. 
The  ends  of  the  winding  are  connected  to  the 
terminals  of  a  ballistic  galvanometer. 

Let  one  side  of  the  coil  face  due  South: 
then  give  a  sudden  half  turn  so  that  it  faces 
North.  How  is  the  galvanometer  affected? 
What  effects  do  we  get  when  the  axis  of  the 
coil  is  turned  (1)  through  four  right  angles, 
(2)  from  S.  to  W.,  (3)  from  S.  to  E.,  (4)  from  E.  to  W.  ? 

121.  Faraday's  Disc.     A  disc  of  copper,  <?,  say  five  or 
six  inches  in  diameter  is  turned  rapidly  about  an  axle  A  at 
right  angles  to  its  plane.    A  spring,  B,  which  acts  as  a  "brush  " 
rests  lightly  against  the  edge  of  the  disc.     The  disc  is  placed 
between  the  poles  N,  S  of  an  electromagnet.     Faraday  found 
that  a  current  flowed  between  the  axle  and  the  spring. 


Fig.  89. 
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Notice  that  it  is  easy  to  turn  the  disc  when  the  electro- 
magnet is  not  excited:  and  hard  when  it  is  excited.  ((  t. 

Lenx  s  Law. ) 

If  a  sixpence  is  held  up  by  a  twisted  thread,  it  will  generally 
untwist  itself  and  spin  quickly,  hut  if  held  between  the  poles 
of  a  powerful  magnet,  it  will  only  untwist  itself  very  slo\vl\  : 
its  rotation  is  "  damped  "  and  it  seems  to  act  almost  as  if  it 
were  placed  in  a  viscous  liquid.  The  reason  of  course  is  that 
currents  are  induced  in  the  coin  by  its  motion  near  the 
mairnet :  these  currents  irive  rise  to  forces  tending  to  stop 
the  rotation  which  causes  them. 


Fig.  90. 

The   -impended   needle   in    a    galvanometer  comes  to  rest 
more  quickly  it'  a  lump  of  copper  is   near  to  it  than  if  no 

metal-    are    pre-eilt. 


CHAPTER  XIII 


MAGNETIC   FLUX 


122.  Lines  of  force.  In  Chapter  I  we  have  already 
said  a  few  words  about  lines  of  force  and  described  methods 
of  tracing  them.  We  are  now  going  to  carry  the  subject  a 
little  farther.  Look  first  at  fig.  129,  end  of  book.  In  it  we  can 
see  lines  running  between  the  N.  and  S.  poles  of  two  magnets. 
We  should  get  a  similar  figure  if  the  poles  were  joined  by 
elastic  strings  which  repelled  one  another.  It  is  useful  to 
imagine  that  such  elastic  strings  exist  and  that  they  form 
the  mechanism  by  which  poles  attract  or  repel  one  another. 
Whenever  two  poles  attract,  the  lines  of  force  always  run 
from  one  to  the  other ;  when  two  poles  repel,  the  lines  of  force 
do  not  unite  them  but  run  up  against  one  another  and  seem 
to  push  apart  the  poles  to  which  we  imagine  them  attached. 
See  fig.  128. 


N 


s 


Fig.  91. 

We  have  already  given  in  Chapter  I  the  lines  of  force  due 
to  a  current  in  a  straight  conductor :  also  those  due  to  vertical 
currents  in  the  earth's  field.  Fig.  91  shews  a  similar  case  : 
that  of  a  conductor  carrying  a  current  between  the  poles  of  a 
magnet.  Notice  that  if  the  lines  of  force  were  elastic  strings 
the  conductor  would  be  forced  down  in  the  direction  of  the 
arrow. 


Fig.  92. 
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Fig.  92  represents  the  lines  of  force  in  a  horizontal  piano 
due  to  two  vertical  currents  in  the  same  direction;  the 
earth's  horizontal  field  affects  these  considerably;  the  lines 
indicate  attraction. 

In  fig.  93,  the  currents  are  parallel  but  oppositely  directed : 
in  this  case  we  have  repulsion.  Compare  this  figure  with  the 
lines  of  force  due  to  a  short  bar  magnet. 


Fig.  94. 

Fig.  94  shews  the  lines  of  force  in  half  the  field  due  to  the 
current  in  a  galvanometer  ring  placed  in  the  meridian.  With 
this  compare  fig.  127,  Art.  147. 

123.  The  number  of  lines  of  force:  flux.  At  any 
point  in  a  magnetic  field  we  can  draw  a  line  in  the  direction 
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of  the  magnetic  force  there:  hence  through  any  area  of  finite 
-i/e  ire  could  draw  an  infinite  number  of  lines  of  force.  It  is 
convenient  however  to  give  a  special  moaning  to  the  expres- 
sion "the  number  of  lines  of  force."  We  imagine  (1)  that 
every  pole  of  unit  strength  has  4?r  lines  attached  to  it, 
i  -2 >  that  it'  an  area  A  sq.  cm.  is  at  right  angles  to  an  uniform 
field  of  H  gausses  the  number  of  lines  passing  through  it  is 
AH.  Those  two  methods  of  defining  the  number  agree — for 
suppose  we  had  a  pole  of  strength  m:  let  us  surround  it  by  a 
spin-re  of  radius  r.  On  the  first  supposition  the  number  of 
lines  which  emerge  from  the  pole  is  4-rrm,  these  all  cut  the 
splierieal  >urface.  On  the  second  supposition  the  strength  of 
field  at  any  point  on  the  sphere  is,  by  the  law  of  the  inverse 
square,  wi/r2,  the  area  of  the  surface  is  47rra.  Hence  the  total 
number  of  lines  of  force  which  cross  the  surface 

=  47TT3  x  m/i*  =  47rm, 
the  same  result  as  obtained  by  the  other  definition. 


AH< 


'/2AH 


If  we  -elect  an  area  \\hich  i>  not  at  riuht  an^h!>  to  the 
field.  \\e  define  the  number  of  lines  as  the  product  of  the  area 
and  the  component  of  the  field  perpendicular  to  the  an  -a. 
Tim-  >uppo^e  \\e  ha\e  a  rin-  ///,'  of  area  A  placed  at  right 
ani:le>  to  an  uniform  field  of  Mi-en-th  H.  the  number  of  line- 
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which  thread  the  ring  is  HA.  But  if  the  ring  is  tun  KM! 
through  60°  into  the  position  R'R,  the  component  of  the 
field  perpendicular  to  the  coil  is  H  cos  60°,  i.e.  £H.  So  that 
the  number  of  lines  threading  the  ring  is  only  £AH.  This  is 
shewn  by  the  diagram.  The  number  of  lines  is  also  spoken 
of  as  the  fliix,  and  the  unit  in  which  we  measure  it  is  called 
the  maxivett.  Thus  the  flux  through  a  horizontal  coil  of 
5  turns  each  of  area  60  sq.  cm.,  in  a  field  the  vertical  com- 
ponent of  which  is  '4  gauss,  is  5  x  60  x  *4,  i.e.  120  maxwells. 

124.  Induced  E.M.F.  Now  whenever  a  ring  of  wire 
moves  in  a  magnetic  field  in  such  a  way  that  the  number  of 
lines  of  force  passing  through  it  is  changed  a  current  is  always 
induced  in  it:  this  current  lasts  as  long  as  the  number  of 
lines  is  changing:  further  it  can  be  shewn  that  the  E.M.F. 
which  drives  the  current  is  proportional  to  the  rate  of  change 
of  the  number  of  lines  of  force. 

The  measure  in  volts  of  the  F 

E.M.F.  produced  by  the  motion  of 
a  ring  is  the  rate  of  change  in  the 
number  of  lines  of  force  multi- 
plied by  10~8.  As  an  example 
let  us  suppose  that  a  framework 
of  wire  A  BCD  has  a  metal  bar 
FG  resting  across  it.  Let  this  be 

placed  with  BC  vertical  and  BA  pointing  to  the  East.  Then 
taking  the  earth's  horizontal  field  to  be  "18  gauss,  the  number 
of  lines  which  thread  the  area  BCGF 

=  -18  x  area  BCGF=  '18  xBCx  CG. 

If  the  bar  slides  along  the  wire  with  a  velocity  v  cm.  per 
second,  then  the  size  of  the  area  is  enlarged  by  vl  sq.  cm.  in 
one  second,  I  being  the  length  in  centimetres  of  BC. 

.'.  rate  of  change  in  the  number  of  lines  of  force 
=  vxlx  '18. 

.'.  the  induced  E.M.F.  =  I  x  v  x  '18  x  10~8  volts. 

If  the  resistance  of  the  circuit  BFGC  is  R  ohms,  the 

Iv 
current  induced  will  be  ^  x  *18  x  10~8  amperes. 

R 

The  electromagnetic  unit  of  E.  M.  F.  may  be  defined  as  the  E.  M.  F.  produced 
in  a  wire  one  cm.  long  by  moving  at  one  cm./sec.  directly  across  a  magnetic 
field  of  unit  strength. 


u  East 


Induced  Cum  at* 
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125.     Direction   of  induced  current.     In  which  way 

the  runvnt  How  ?     There  are  several  rules  by  which  we 
can  find  this  out 

(1)  In  fig.  96  tlif  lines  of  force  due  to  the  eartli  run 
through  the  paper  from  face  to  back:  if  the  number  passing 
through  the  circuit  i>  merea-ini:.  tlic  lines  of  force  due  to  the 
current   must  be  passing  in  the  other  direction  so  that  the 
current  must  be  in  the  direction  GFBC,  for  the  tendency  is 
alwav-  tor  the  number  of  lines  of  force  passing  through  an 
area  to  remain  unaltered.     If  the  slider  had  l>een  movin.ir  to 
tin-  West,  the  number  of  lines  due  to  the  earth  through  the 
circuit   would  have  been  diminishing:  to  keep  this  constant 
the  current's  lines  of  force  would  have  to  be  added  on  in  the 
-aim  din  (tion  to  tend  to  check  the  decrease.    The  current 
then  in  this  case  would  be  in  the  direction  GCBF. 

(2)  A  simpler  way  perhaps  is  this.     Look  down  on  the 
framework  from  above. 


Fig.  97. 


(i)      Fig.  98.    (ii) 


In  the  diagram,  fi-.  1»7.  "'  represents  a  >cction  of  the 
>liding  bar/*Y?;  6  the  direction  in  which  it  is  pulled.  «.  <i.  a,... 
are  the  lilies  of  force.  N"W  Lcn/  -  law  tell-  us  that  the  force 
on  the  conductor  must  tend  to  -top  the  motion.  >o  that  if  the 
line-  of  force  can  be  thought  of  as  elastic  strings  thcv  mu-t 
pull  to  the  West.  The  combination  of  the  earth's  field  and 
the  current  field  imi-t  t  hcivforc  be  like  fi-.  !•;:  i  i  >  ami  not  like 


'i-.  98  (i)  is   the   field  due  to   an  approaching  current; 
hence   the  current    in   the   \\iiv    //•   i>   in   the  direction   <,/ 

T'lemiiiLi'-  iKnamo  rule.  Point  t  he  Middle  Fin-er  ol 
the  f</t  hand  parallel  to  the  line-  of  Magnetic  Force,  the 
thiimi*  in  the  direction  in  which  the  \\ire  i-  thrn-t.  then  the 
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index  (first)  finger  can  point  in  the  direction  of  the  induced 
current 

126.  Incomplete  Circuits.  We  have  seen  that  a  current  is 
generated  in  a  closed  circuit  whenever  the  number  of  lines  of  force  passing 
through  it  is  l>eing  altered.  The  reason  for  this  is  that  the  circuit  or  at  :my 
rate  a  portion  of  it  is  cutting  lines  of  force.  If  uny  conductor  of  .any  shape 
moves  in  such  a  way  that  it  cuts  lines  of  force,  an  E.  M.  F.  is  induced  in  it. 
This  E.M.F.  will  not  necessarily  give  rise  to  a  current.  Take  the  case  of  a 
key  ring,  facing  North  and  falling  in  a  vertical  plane  cutting  the  earth's 
lines  of  force.  A  little  consideration  shews  that  both  the  top  half  and  the 
bottom  half  have  in  them  an  induced  E.M.F.  in  the  same  direction  which 
tends  to  drive  currents  from  the  West  side  to  the  East.  These  two  halves 
are  in  parallel  and  may  be  compared  to  two  cells  joined  in  parallel.  If  we 
completed  a  circuit  by  joining  the  parts  A,  B  by  light  flexible  wires  w,  w, 
then  we  should  get  a  current. 


Fig.  99. 

127.  Faraday's  Disc.  One  case  of  interest  is  Faraday's 
Disc,  fig.  90.  Suppose  a  copper  disc  is  mounted  on  an  axle 
pointing  North  and  South  so  that  the  plane  of  the  disc  is  at 
right  angles  to  the  meridian.  Suppose  we  are  looking  at  the 
wheel  from  the  South,  it  is  seen  to  be  rotating  clockwise. 
There  will  then  be  an  electromotive  force  along  all  the  radii 
tending  to  drive  a  current  from  the  circumference  to  the  centre. 
The  magnitude  of  this  E.  M.  F.  can  be  easily  calculated.  Suppose 
H  is  the  strength  of  the  field  normal  to  the  disc,  r  the  radius, 
n  the  number  of  revolutions  per  second.  Then  every  second 
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each  r;i<lin>  sweeps  out  an  area  of  TrrX  and  therefore 
(lit-  77  /-//H  lines  of  force.  The  induced  E.M.F.  is  therefore 
»r  //H  !<»-*  volts.  Of  course  no  current  flows  unless  the 
centre  i-  joined  to  the  circumference  by  a  conductor  which 
<!<»<•-  not  rotate  with  the  di-e. 


EXAMPLES 

1.     Kxplain  the  tart  that  a  wire  spiral  tends  to  contract  when  a  current 
is  passed  through   it.     H»»w  can    this   tendency  be  increased?    (Roget's 

Spiral) 

2     A  gutta-i»ercha  covered  copper  wire  is  wound  round  a  wooden 

cylinder.  How  would  you  wind  it  back  (1)  so  as  to  increase,  (2)  so  as  to 
diminish,  the  magnetic  effects  which  it  produces  when  a  current  is  passed 
through  it  '  Illustrate  your  answer  by  a  diagram. 

3.  A  current  is  flowing  through  a  rigid  copper  rod.     How  would  you 
place  a  small  piece  of  iron  wire  with  respect  to  it  so  that  the  iron  may  be 
magnetised  in  the  direction  of  its  length  ?    Assuming  the  direction  of  the 
current,  -tate  which  end  of  the  iron  will  he  a  north  pole. 

4.  What  mechanical  and  electrical  effects  would  there  be  between  two 
parallel  circuits  (r.  fig.  77)  in  one  of  which  a  current  is  being  constantly 
made  ami  broken  .' 

5.  Kxplain  exactly  the  effects  of  introducing  a  metal  tul>e  between  the 
prim  ..Hilary  windings  of  an  induction  coil. 

6.  In  a  primary  circuit  flows  a  current  which  alternately  increases  and 
decreases.      Near  it  is  a  secondary  :  will  there  he  any  attraction  or  repulsion 
between  the  two  ? 

7.  T\v«.  tli-cs  separated  from  each  other  are  mounted  on  the  same  axis 
on  which  IM.HI  are  free  to  turn.      If  one  is  copper  and  the  other  is  magneti-e.l. 
\\hat  effect  will  he  produced  in  the  former  \\hen  the  latter  i>  >pun  rapidly  ' 
(Arago's  Disc.) 

8.  Why    will    a    penny   not   spin   when    placed    in   a   strong   magnetic 
ti.-ld 

9.  The  north  M-rking  pole  of  a   very   l-.n-   ma-net   U  brought   from  .. 

great  ip  to  the   mitre   of  :i    >mall   copper   Hi i IT.       What   mechanical 

and  eleeti  -  a  re  produced'     ( '  \»>\\  \\hat  circumstances  does  the 

nillglli-  1'  -lepend.  ami   what    i-  the  connection  between  them 

10.  AII   iron  hoop  is  held  in   the   magnetic  meridian  and  is  allowed  to 
fall  ,.  U  the  eaM.      Kxplain  \\h\  an  elr.inc  current   traverse*  the 

I p.  and  state  whether  the  current  would  Mow  north  or  -.oiith  in  the  l»art 

of  the  h""p  which  touch.  iml. 


122  Flux 

11.  It  is  found  that  when  an  induction  coil  is  being  worked  by  a  battery 
the  current  through  the  primary  is  much  stronger  if  the  circuit  of  the 
secondary  is  kept  open  than  if  it  is  closed.     Account  for  this. 

12.  The  time  during  which  a  magnet  oscillates  is  decreased  by  placing 
it  near  a  mass  of  metal.     Explain  this. 

13.  In  what  ways  can  a  hoop  of  wire  be  moved  if  no  currents  are  to  be 
induced  in  it  ? 

14.  If  a  watch  were  composed  wholly  of  non-magnetic  material,  would 
it  be  influenced  by  the  presence  of  a  magnet  ?    Give  reasons. 

15.  A  magnet  is  brought  up  and  passed  through  a  coil  of  wire.     What 
currents  will  be  induced  ? 

16.  Would  the  oscillations  of  a  galvanometer  with  an  astatic  combination 
be  damped  by  the  presence  of  a  lump  of  copper  ? 

17.  A  helix  of  wire  surrounds  a  vertical  iron  pillar  on  the  top  of  which 
a  disc  of  copper  is  placed.     When  an  alternating  current  is  passed  through 
the  wire,  what  will  be  the  effect  on  the  disc  ? 

18.  The  axle  of  a  railway  carriage  (length  /)  is  moving  with  a  velocity  V 
in  a  place  where  the  vertical  component  of  the  earth's  field  is  F;  find  the 
electromotive  force  produced. 

If  /=  To  m.,  V=  1666  cm.  per  sec.  and  F='44,  find  the  E.  M.  F.  in  volts. 

19.  Shew  how  to  determine  approximately  the  direction  of  the  magnetic 
meridian  at  a  place  by  experimenting  with  a  coil  of  wire  moveable  about  a 
vertical  axis,  and  connected  with  a  sensitive  galvanometer. 

20.  A  horizontal  copper  disc  20  cm.  in  diameter  is  set  spinning  about 
a  vertical  axis  through  its  centre  with  a  speed  of  100  revolutions  per  second 
in  the  earth's  magnetic  field.     What  is  the  nature  of  the  distribution  of 
potential  in  the  disc  ?    Find  the  value  of  the  difference  of  potential  in  volts 
between  the  edge  and  the  centre  of  the  disc,  if  the  vertical  intensity  is 
0'50  gauss. 

21.  What  is  the  flux  through  a  ring  of  radius  5  cm.  placed  25  cm.  from 
the  centre  of  a  magnet  of  moment  300  ?    The  magnet  points  to  the  centre 
of  the  coil  and  is  at  right  angles  to  its  plane. 

22.  The  rails  of  a  tramway  are  a  metre  apart,  insulated  from  the  ground 
but  joined  at  the  terminus.     A  tram  is  travelling  towards  the  terminus  at 
20  km.   per  hour.     If  the  resistance  of  the  circuit  of  rails  and  axle  is 
10  ohms,  find  (1)  the  current  produced ;   (2)  the  work  done  per  second  in 
producing  this  current ;  and  (3)  the  extra  force  required  to  draw  the  tram. 
Assume  /f=0'2,  dip =60°. 

23.  The  resistance  of  the  circuit  of  a  Faraday's  disc  is  0'25  ohm,  the 
radius  of  the  disc  8  cm.,  the  strength  of  the  field  3000  gausses.     Find  the 
current  produced  when  the  disc  revolves  1500  times  per  min. 
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24.  I>ruu  the  lines  of  force  for  a  galvanometer  ring  with  its  plane  in 
the  meridian. 

25.  A  rubber  tube  of  section  not  quite  uniform  is  fille«l  with  mercury. 
Would  the  passage  of  a  strong  current  through  it  produce  any  mechanical 

is? 

26.  If  an  alternating  current  were  passed  through  the  primary  of  an 
induction  coil,  how  would   the  current  produced  in  the  secondary  differ 
from  the  current  induced  by  a  direct  current  with  hammer  break  .' 

27.  Make  u  drawing  of  a  break  for  an  induction  n.il  in  which  the 
current  is  broken  by  a  motor-driven  dipper  which  oscillates  in  and  out  of 
a  vessel  of  mercury,  the  surface  of  which  is  covered  with  alcohol.     Shew  the 
connections  to  the  primary  and  condenser  of  the  coil. 

28.  Two  plain  coils  of  wire  wound  in  the  same  direction  are  joined  in 
series;   they  can  rotate  freely  about  vertical  diameters.     Explain  what 
effects  the  rotation  of  one  will  produce  on  the  other. 

29.  If  a  strong  current  is  driven  by  means  of  a  cell  through  the  two 

c«»ils   in  V.\  -_N  .  what  positions  will  the  coils  take  up? 

30.  Water  in  a  hollow  anchor  ring  surrounding  an  elect roniagnet  can 
be   made  to  boil  by  passing  a  strong  alternating  current  through   the 
winding:    Explain    this  effect.     Of  what   material    would    you    make    the 
anchor  ring? 
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DYNAMOS   AND   MOTORS 

128.  Simple  Alternating  Dynamo.  We  have  seen 
that  if  a  coil  of  wire  is  rotated  in  a  magnetic  field  we  get 
currents  induced  in  it  passing  first  in  one  direction,  then  in 
the  other.  Consider  the  arrangement  in  fig.  100.  A  BCD  is  a 


Fig.  100. 

coil  of  wire  nearly  in  the  plane  of  the  paper :  we  have  only 
drawn  a  single  turn  :  in  practice  we  should  have  a  great 
many.  The  ends  of  the  wire  are  joined  to  two  rings  of  brass 
or  copper  RR,  mounted  on,  but  insulated  from,  a  steel  axle 
XY.  The  whole  is  rotated  by  a  belt  passing  over  the  driving 
pulley  W.  Resting  lightly  on  the  rings  R,  R  are  two  copper- 
gauze  or  carbon  brushes  Z,  Z'.  They  are  joined  to  the 
circuit  in  which  current  is  required. 

The  coil  is  mounted  between  the  poles  N,  S  of  a  magnet  : 
this  is  shewn  in  fig.  101.  As  the  coil  revolves  we  have  alter- 
nating currents  induced  in  it ;  for  during  half  a  rotation  the 
current  passes  from  Z  and  R  round  DCBA  to  R  and  Z'  and 
during  the  other  half  it  will  go  through  the  same  circuit  in 
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exactly  tin'  opposite  direction.  A  cunvnt  such  as  this  ha>  no 
ct}'cct  on  a  compass  needle:  it  is  however  just  as  useful  tor 
liirlitinir  lamps  and  heating  as  a  direct  current.  In  practice 
the  coil  ABCD  is  wound  on  a  soft  iron  cylinder  or  shuttle 
mounted  on  the  axle. 

A   i'ma^neto      >iniilar  to  thi>   is   used  on   the  telephone 
"call." 


Fig.  101. 


129.  Direct  Current  Dynamo.  The  alternatm-  d\ - 
namo  may  \K  tumed  into  a  direct  current  instrument  it' 
we  remove  the  rings  and  replace  them  by  a  commutator, 
tin.  102.  The  machine  would  then  be  exactly  like-  the  motor 
in  Art.  ll.'J.  Observe  that  when  the  field  ma-net  ha>  the 


Fig.  102. 

polariu  indicated  ami  the  armature  i>  rotated  in  the  direction 
of  the  arrow,  there  will  alway>  be  an  i:.  M.  I  .  down  the  con 
ducior  (fl)  which  happen-  to  be  on  the  left  hand  -ide  and  up 
that  on  the  riudit  (In.  The  current  mu^t  t  hen-tbre  come  IV. -m 
the  ln-ii-h  /{  round  the  mit-ide  eiivnit.  hack  to  .t.  do\\n  »  ami 
up  l>.  The  bru-he>  must  !H»  so  arraiiLicd  ih:it  the  dixidiui: 
line  i»i  i-  under  the  bru-he-  at  the  moment  that  ihe  \\  hiding 
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a,  b  is  at  right  angles  to  the  field  JV,  S.  There  is  no  need  for 
NS  to  be  a  permanent  magnet:  it  may  be  made  of  soft  iron 
or  steel  and  excited  by  the  current  generated  in  the  armature. 
The  current  given  by  this  shuttle-wound  dynamo  is  always 
direct  but  fluctuates.  It  has  its  maximum  value  when  the 
plane  of  the  coil  is  parallel  to  the  field,  its  zero  when  it  is 
at  right  angles  to  it.  Fig.  103  represents  the  relation  between 
the  current  and  the  angular  position  of  the  coil. 


180°  360°  540° 

Fig.  103. 
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Fig.  104. 


Now  suppose  it  were  possible  to  have  two  windings  on  the 
same  armature  and  that  these  were  so  arranged  that  while 
one  gave  the  maximum  current  the  other  was  at  the  zero. 

The  currents  given  by  the  first  and  second  windings  would 
be  represented  by  the  curves  ABCD,  A'B'C  D'. 

The  current  given  by  the  two  together  would  be  repre- 
sented by  a  curve  the  ordinate  at  which  at  any  point  was 
equal  to  the  sum  of  the  ordinates  of  ABC ...  A'B'C'  at  the 
same  point.  The  curve  A'aBbC'cD  will  therefore  represent 
the  total  current. 

The  current  still  fluctuates  but  very  much  less  than  before. 
In  an  ordinary  dynamo  we  have  a  great  number  of  different 
windings  and  so  obtain  a  current  which  is  almost  without 
fluctuations. 


A  run  it  urc 
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13O.     Ring  Armature.     Fig.  105  is  supposed  to  repre- 

sent a  section  of  a  ring-wound  cogged  armature:  eidn 
windings  aiv  shewn.  If  the  armature  were  at  rest  tin-  line- 
of  force  would  not  pass  straight  from  the  North  pole  of  the 
field  mamiet  to  the  South,  for  they  always  run  in  soft  iron 
rather  than  in  air:  their  course  is  shewn  by  the  filings  in 


From  this  it  will  be  seen  that  all  conductors  on  the  outside 
of  the  til-Id  cut  lines  of  force  as  they  pass  round,  but  the 
conductors  on  the  inside  do  not,  so  that  only  half  the  wire 
in  armature  is  useful  for  generating  electromotive  force. 


Fig.  106. 


All  the  outside  conductors  on  the  left-hand  portion  of  the 
armature  have  a  downward  K..M.T.  (i.e.  downward  as  seen  in 
the  fi-urei.  tho-e  <>n  the  ri-ht-hand  side  are  upward.  Each 
of  the  tour  coils  AAAA  therefore  tends  to  drive  a  current 
aloni:  the  winding  in  the  direction  she\\n  l>\  the  eros>e-  of  the 
arrows.  Thev  arc  therefore  equivalent  to  four  cell>  joined  in 
series.  The  coils  BBBI!  on  the  other  side  form  another  w( 
of  four  in  >crie>  :  tliex  are  joined  to  the  oilier  four  in  parallel. 
The  machine  ma\  therefore  I  .c  compared  \\ith  a  batters  of 
ei-ht  et-lU  joined  in  two  parallel  ro\\>.  each  ro\\  containing: 
four  celU  in  series.  <T.  fi-  KM;. 
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131.  Drum  winding.  In  a  simple  drum-wound 
armature  the  wires  pass  down  one  side  of  the  soft  iron  core 
and  up  nearly  opposite.  The  diagram  ^fig-  107)  gives  a 
winding  of  an  armature  with  eight  slots.  The  arrow  points 
and  tails  indicate  the  direction  of  the  induced  E.M.F.  The 
continuous  lines  shew  the  winding  at  the  commutator  end  of 
the  drum ;  the  dotted  lines  mark  the  connections  at  the  other 
end.  Notice  that  here  again  we  have  two  courses  through 
the  armature  winding  from  brush  to  brush.  The  two  courses 
are  in  parallel  and  each  consists  of  four  windings  in  series. 


8     1 


Y  Y  Y  Y  V 


In  fig.  108  is  shewn  a  developed  diagram  of  the  same 
winding.  It  is  the  figure  we  should  obtain  if  we  imagined 
the  cylinder  on  which  the  wires  are  wound  to  be  slit  parallel 
to  the  axle  and  spread  out  flat. 

132.  Field  magnet  windings.  In  a  dynamo  the  field 
magnet  may  be  (1)  a  permanent  magnet,  (2)  separately 
excited,  (3)  series  wound,  (4)  shunt  wound,  (5)  compound 
wound. 

(1)  A  permanent  magnet  is  seldom  found  except  on  toy 
machines  and  in  the  call  of  a  telephone. 

(2)  The  field  magnet  of  a  dynamo  used  to  give  alternating 
currents  is  excited  by  a  current  taken  from  a  direct  current 
dynamo. 

(3)  In  a  series  dynamo,  fig.  109  (a),  the  current  from  one 
brush  passes  round  the  field  magnet  and  outside  circuit  in 
series  back  to  the  other  brush.     All  the  current  passes  round 
the  field  magnet,  armature,  and  circuit.     It  is  often  hard  to 
get  such  a  dynamo  to  start. 


Fiebl 


(4)  In  a  shunt  wound  machine,  fig.  1096,  the  winding  of 
the  field  magnet  is  in  parallel  with  the  outside  circuit.     The 
current  generated  in   the  armature  divides  into  two  parts: 
one  uoes  round  the  field  magnet,  the  other  round  the  external 

circuit 

(5)  In  a  compound  wound  dynamo,  fig.  109  c,  there  are 

two  windings  on  the  field  magnet     One  of  these  is  a  shunt 
to,  the  other  in  series  with,  the  external  circuit 


lamps 


(a) 


lamps 


lamps 


If  the  armature  of  a  d\  nairn*  i-  rotated  at  a  constant  >pecd 
tin-  trrminal  \oltage  generally  increases  with  the  current 
talxi-n  ill  the  external  circuit  if  the  field  mairnet  i^  Aeries 
wound:  it  decrea-e-  for  a  -hunt  \\oiiud.  In  a  r«,uipoiuid 
\\oiiml  machine,  the  \«>lt-  -hould  IK'  almost  indcpcndrut  of 
the  current  used. 
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For  charging  secondary  cells  we  cannot  use  a  series  wound 
dynamo.  If  we  tried  to  do  so,  there  would  be  a  danger  of  the 
current  reversing  in  the  field  magnet  and  so  altering  its 
polarity.  If  this  occurred  the  dynamo  would  help  the  cells  to 
discharge.  This  would  not  be  the  case  in  a  shunt  wound 
dynamo. 

133.  Motors.     Any  dynamo  described  can  be  used  as  a 
motor,  but  since  the  current  in  the  armature  is  only  kept  low 
by  the  back  E.M.F.  generated  by  its  rotation  in  a  magnetic 
field,  the  current  must  not  be  turned  full  on  till  the  motor  is 
going  full  speed.     Also  remember  that  a  shunt  wound  motor 
must  not  be  loaded  till  it  is  going  full  speed.     A  series  wound 
motor  will  start  from  rest  under  load. 

134.  Heating.     When  a  dynamo  has  been  running  for 
some  time  its  temperature  rises.     There  are  several  reasons 
for  this. 

(1)  Mechanical  friction  at  the  bearings. 

(2)  The  currents  in  the  windings  of  the  armature  and 
field  magnet  warm  these  conductors. 

(3)  Eddy  currents.     Not   only   do   useful  currents  flow 
through  the  copper  windings  but  currents  are  also  induced  in 
all  the  moving  parts  of  the  machine.     In  the  body  of  the 
armature  these  are  reduced  by  building  it  up  in  soft  iron 
discs,  insulated  from  one  another  and  mounted  on  the  axle. 

The  motion  of  the  magnetised  armature  also  induces 
currents  in  the  stationary  field  magnet :  it  is  not  usual  to  take 
any  steps  to  prevent  these. 

(4)  Hysteresis.     The  armature  is  magnetised  in  different 
directions  as  it  passes  between  the  poles  of  the  field  magnet. 
Now  to  magnetise  a  piece  of  iron,  to  demagnetise  and  then 
reverse  the  magnetisation  requires  a  certain  amount  of  work. 
The  work  done  in  taking  a  piece  of  iron  through  a  magnetic 
cycle  appears  in  the  form  of  heat.     It  is  impossible  to  avoid 
this  source  of  heat  but  the  effect  is  much  less  in  some  kinds 
of  iron  than  in  others,  v.  Art.  175. 

135.  Rotating  Coil.     To  find  the  E.M.F.  induced  in  a 
coil  rotating  in  a  uniform  field. 

Let  A  =  area  of  coil. 


Let   //  =  nuinl>er  of  tnrn>. 
H  =  strength  of  the  field. 

M  =  angular  velocity  of  the  coil  about  a  diameter  ill 

its  own  plane  perpendicular  to  the  lines  of  force. 

0=the    anirle    the    normal   to  the  plane   of  the   coil 

makes  with  the  lines  of  force  at  am  time. 
Then  the  total  nnml>er  of  lines  of  force  which  thread  the 
winding  of  the  coil  is  A//H  cos  ft 

U 


0 

Fig.  110. 

In  a  >lmrt  time.  tit.  the  coil  turns  through  an  aiiLfle  dO 
which  is  iMjual  to  wdt.  The  change  in  the  nnmhei1  of  lines  of 
force  i- 


=  Ay/Hsin  ^  .  Milt. 

Hence  the  rate  of  change  is  AH//o>  >in  0  :   this 
measurefl  the  E.M.F.  in  C.G.S.  electromagnetic  unite.     If  the 

resistance    of    the    circuit    i>   R   (ohms)   then    the   current    in 
ani]»ere>   will   IK.' 

AH 

T,        H«™A 

XV 

Note.     (1»    Since  sin  ^      n  when  ^  =  n.  there  i-  no  I.M.I. 
\\hen   the  <-oil    i-  at    ri-ht    an^le^   to   the   field:     i.e.    \\lirn    the 
of  line-  <»t'  foi-ce  i-  a   maxiniiim.  for   thru  the   nift    •>/ 
in  the  nnmU-r  i-  /.<  -i  -o. 

CJ)     The  expression  for  the  i:.  M.I.  is  greatest  \\hcn  ^  =  0, 

so  that    the    K.M.  F.  i-   -ivat«->t   when  no  lines  pass  t  liroiiirh  the 
coil,  for  then  the  rate  of  ehan-je  i-  irreatest. 

9-2 
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(3)  The  E.M.F.  changes  sign  when  0  =  0,  ?r,  2?r,  etc., 
i.e.  the  E.M.F.  reverses  whenever  the  coil  is  at  right  angles  to 
the  field. 

The  charge  which  passes  in  any  time  is  of  course  equal  to 
the  product  of  the  average  value  of  the  current  and  the  time, 

average  rate  of  change  in  number  of  lines      . 
i.e.  charge  =  —  -  x  time, 

resistance 

but  the  average  rate  of  change  of  any  quantity  x  time  =  total 
change  in  that  quantity.  Hence  the  charge  which  passes  in 
any  time 

_  total  change  in  number  of  lines  of  force 
resistance 

If  we  measure  the  resistance  in  ohms,  we  must  multiply 
this  expression  by  10~8,  if  we  wish  to  express  the  result  in 
coulombs. 

136.  Earth  Inductor.  Let  us  apply  this  result  to  the 
case  of  the  earth  inductor  (Art.  120).  Suppose  the  inductor 
consists  of  n  turns  of  wire  of  radius  a  cm.,  and  that  the  total 
resistance  of  inductor  and  galvanometer  is  R  ohms.  When 
the  coil  is  at  right  angles  to  the  earth's  field  the  horizontal 
component  of  which  is  H  ("18  dyne)  the  number  of  lines  of 
force  passing  through  it  will  be 

ttn  .  TTO?. 

If  then  the  coil  is  turned  through  90°  so  that  it  now  faces 
East  and  West,  no  lines  will  pass  through  it.  Hence  the 


., 
charge  driven  round  the  circuit  =    1()8R 

If  it  had  been  turned  through  180°  the  charge  would  have 
been  double  this  :  but  if  through  360°,  it  would  have  been 
zero,  for  the  current  would  have  reversed  during  the  second 
half  of  the  revolution. 

137.  Self-induction.  When  the  current  round  a 
circuit  is  altering  we  have  seen  that  an  induced  E.M.F.  is 
generated  which  tends  to  check  that  change  and  that  the 
magnitude  of  this  is  proportional  to  the  rate  of  change. 

Now  consider  a  circuit  through  which  unit  current  threads 
L  lines  of  force  :  suppose  that  originally  there  is  no  current 
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and  that  ;ui  K..M.F.  of  E  is  suddenly  applied:  denote  the 
em-rent  at  an\  time  /  1>\  /. 

Tin-  rate  of  change  of  current  will  l>e  <//  i/f  and  the  back 
KM.  F.  induced  is  I*//  tit.  The  real  i:.  M.F.  will  therefore 
become  E  -  Itt/i/dt. 

If  R  is  the  total  resistance,  then  by  Ohm's  Law 


Mild  the  >olution  of  this  conation  is 


Hence  we  see  that  the  current  does  not  rise  immediately 
to  its  final  value  E  R. 

The  •  plant  it  y  L  is  termed  the  'inductance'  or  coefficient 
of  self-induction  of  the  circuit.  The  coefficient  of  mutual 
i  i  id  i  let  ion  of  the  circuits  is  the  number  of  lines  of  force 
pa—  in--  throiio-1,  either,  due  to  unit  cm-rent  in  the  other. 

In  all  our  previous  results  we  have  neglected  inductance. 
If  the  coil  in  Art.  l.V>  had  an  appreciable  coefficient  of  self- 
induction  the  i'.\pre»ions  for  charuv  and  cm-rent  would  have 
to  be  much  altered. 

EXAMPLES 

1.  A  coil  «,f  -2.".  turns,  radius  50  cm.,  lies  flat  on  a  table  at  a  place  where 

the  rertta]  field  is  -4  dyne.  It  is  n.imecto<l  to  a  ballistic  tralvaiioiiR'ter 
ami  tli.-  total  resistance  of  the  nn-uit  is  3  ohms.  What  charge  will  p:i>s 
thnnigh  the  galvain»inettT  it'  the  coil  is  (1)  reversed,  (2)  place*  1  in  the 

nieri.liiiii 

2.  What  i>  the  tlux  thrnuurh  a  e-.il  .  »f  area  60  8q.  em.  ami  KI  turn>  when 

A—  nine   values  given   in    Art.  «',.      If  the   terminal.-  of 

the  <"il  are  e..nnectod  to  a  gal  vanonieter  ami  the  total  resistance  of  tli«' 
eireuit  i-  :•  uhms.  what  eliar-«-  will  pass  through  the  galvanometer  when 
the  Coil  i-  reversed? 

3.  What  i>  the  tln\  thron-h  a  rinir  ot-  ra.liu-  I.",  em.  due  to  a  magnet 
pole  of  Mi-en-th  :iMun  phee.l  on  it>  a\i-  ..ml  -J.'.  em.  from  the  06ttf 

4.  Woulil  alillililiiuiil  wire  be  -ilitable  for  \\imlini;   lie 

5.  What     jH.in  t>     \\oii|,l     \oii     have     to    eoioi-ler    l.et'-.iv    .leeidiliir    «hat 

thiekne»  .<i  would  luw  to  wind  (1)  the  armature,  (2)  the  fit-Id 

magnet 
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6.  If  the  direction  of  the  current  supplied  to  a  motor  is  reversed,  will 
the  direction  of  revolution  be  reversed  ? 

7.  Draw  the  developed  winding  of  a  dynamo  armature  with  sixteen 
slots,     (Join  2  to  9  behind,  9  to  4  in  front.)    Draw  also  a  diagram  similar  to 
fig.  108. 

8.  A  hoop  of  wire  is  made  to  revolve  about  a  fixed  vertical  diameter. 
Describe  how  the  direction  and  magnitude  of  the  currents  induced  change 
during  one  complete  revolution. 

9.  What  causes  tend  to  make  masses  of  iron  used  in  dynamos  grow  hot 
when  at  work  ?     How  is  each  cause  best  guarded  against  ? 

10.  A  current  from  a  battery  is  passed  through  an  ammeter  and  motor. 
Describe  and  explain  the  difference  in  the  readings  of  the  ammeter  when 
the  motor  is  (1)  prevented  from  rotating,  (2)  allowed  to  run  without  load. 

11.  The  motors  of  a  tramcar  are  so  connected  that  they  may  be  joined 
up  in  series  or  parallel.     What  advantage  does  this  arrangement  offer  and 
when  must  the  driver  use  them  in  parallel  and  when  in  series  ? 

12.  When  is  a  starting  resistance  necessary  in  a  motor  ? 

13.  A  dynamo  is  turned  by  a  steam  engine.     In  what  practicable  ways 
would  it  be  possible  to  vary  the  voltage  between  the  terminals  ? 

14.  How  would  you  expect  the  voltage  of  a  dynamo  to  be  affected  by 
the  speed  of  rotation  when  the  field  magnet  is  (1)  separately  excited, 
(2)  shunt  wound  ? 

15.  What  forces  act  on  the  wires  in  the  armature  of  a  dynamo  ? 
Are  there  any  forces  on  the  field  magnet  winding? 

16.  A  coil  of  50  turns  of  wire,  20  cms.  in  diameter,  is  mounted  on  a 
vertical  axis  and  rotated  at  a  uniform  rate  of  5  revolutions  a  second  in  the 
earth's  magnetic  field.    (//='18.)    The  average  current  through  the  coil, 
irrespective  of   sign,  is  found  to  be   T5  milli-amperes.     Calculate  the 
resistance  of  the  coil  in  ohms. 

17.  A  current  C  flows  in  a  circuit  of  resistance  R  and  inductance  L. 
If  the  E.  M.  F.  which  drives  this  current  is  suddenly  removed,  shew  that  after 

a  time  t  the  current  i  is  given  by  the  equation  i=Ge   *•    . 

18.  Prove  that  a  current  C  in  a  coil  of  self-induction  L  has  energy 


19.     Shew  by  differentiation  that  if  the  coil  in  Art.  135  has  a  coefficient 
of  self-induction  L  the  current  at  the  period  <  is  given  by  the  relation 


i  =  Hcos  (at  -  a 
where  tan  a  =  L<a/R. 


CHAPTER   XV 

AMPERE'S  LAW 

138.    The  magnetic  force  at  a  point  due  to  a  current. 

a  current  /  flows  along  a  small  length  PQ  (—  ds)  of  a 
conductor,  that  O  is  a  point  distant  r  from  P  and  that  PQ 
makes  an  angle  B  with  OP.  Then  the  force  on  unit  pole  at 
"  i-  ids  sin  B/r3  and  is  perpendicular  to  the  plane  of  POQ. 

If  i  is  measured  in  C.G.S.  electromagnetic  unite,  and  / 
in  centimetres,  then  this  force  is  measured  in  dynes.  The 
roiilt  is  known  as  Ampere's  Law. 

<  1 )    Force  at  the  centre  of  a  circtdar  coil. 
Here   each    element   of  the  coil   is  at   right   angles  to  the 
radius:   hence  the  force  will  be  simply 

'ids  _  i  x  length  of  coil  __  2?rn 


r 


if  /  is  the  radius  and  there  are  n  complete  turn-. 


Fi«.  111.  Fig.   ir> 

Force  due  to  a  lony  >•// ;,;,,l,t  current  (fig   1 1 
;i   point    n   i^  di-tant  <t  from  an  infinite 
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Ampere's  Law 


conductor,  N  the  foot  of  the  perpendicular  from  0,  PQ  a 
small  element  of  the  conductor.  Denote  the  angle  NOP 
by  </>,  POQ  by  <ty, 

NP=at&r\<l>',  PQ  =  d  (a  tan  </>)  =  «  sec2  <f>d<t>. 
Magnetic  force  at  O  due  to  current  i  in  element  PQ 

_  iPQ  cos  0  __  ia  sec2  <£  cos  <f>d<j>  _  i  cos  <f>d<}> 
OP*  ~~ 


,   ~      f1*  00(8  A  ,,      2i 
/.  total  force  at  0  =  r  d6  =  —  . 

J  n     a  a 


A  deduction  from  this  proposition 
is  important.  Suppose  a  magnet  ns 
is  fixed  to  an  arm  PQ  which  is  capable 
of  rotating  about  a  vertical  axis  along 
which  a  current  flows. 

If  r,  r  are  the  distances  of  the 
poles  of  the  magnet  from  the  axis, 
then  the  moments  about  the  axis  of 
the  forces  exerted  on  the  two  poles  are 


Fig.  113. 


, 
—  x  r  x  m  and  —  x  r  x  —  m, 

if  m  is  the  strength  of  each  pole. 

Hence  the  total  moment  is  zero,  so  that  the  magnet  as  a 
whole  and  therefore  the  arm  as  well,  have  no  tendency  to 
revolve  round  the  conductor. 

The  result  has  been  tested  carefully  by  experiment  and 
no  trace  of  any  tendency  to  rotate  has  been  discovered.  This 
is  strong  evidence  of  the  truth  of  the  law  that  the  magnetic 
force  due  to  a  straight  current  varies  inversely  as  the  distance 
and  also  of  Ampere's  law  from  which  it  was  deducted. 

(3)    Force  at  a  point  on  the  axis  of  a  coil. 

Suppose  the  coil  has  a  radius  a  and  that  I  is  the  distance 
of  a  point  0  on  the  axis  AO  from  the  coil  CC'.  Denote  the 
angle  CO  A  by  a.  The  force  at  O  due  to  an  element  ds  of  the 
ring  at  C  is  ids/I2  for  the  element  is  at  right  angles  to  OC. 
The  direction  of  it  is  perpendicular  to  OC  and  its  component 
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the  axis  is      -  aino,  i.e.  T~»     But  the  ivsultant  must 
1»\  .-\imnetry  l>e  alonu-  tin-  KX18:   hence  this  resultant 


=  Fjd         /     ' 

it'  the  coil  consists  of  //  complete  turns. 

iC 


Fig.  114. 


Fig.  115. 


(  I  ) 


Force  on  axis  of  a  helix. 

shall  only  deal  with  the  case  in  which  the  helix  or 

solenoid  i>  >o  loim-  that  we  can  suppose  it  infinite. 

A—  nine  that  there  are  u  turns  per  unit  length,  a  is  the 
rao!iu>.  Consider  the  force  at  0  due  to  the  current  /  in 
a  turn  of  wire  distant  x  from  0.  Its  magnitude  will  be 


-    K 

In  a  length  dx  there  will  be  ndx  turns  of  wire  :  hence  t  la- 
force  due  to  the  current  in  the  length  //,/•  of  the  solenoid  is 


(a»  + 
.  11  ilft          l 


1  It -nee  total  force 

-/, 

"J§L-~'siii  On  ,-osec  $ 

--   I     -J-r///-!!!  0d0 
J9 


,  if  x  =  a ^  cot  6 


«  47T///'. 
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139.  Work  done  in   passing   unit   pole  through    a 
circuit.     We  shall  only  take  a  simple  case  :  suppose  the  unit 
pole   is  passed   through  a  circular  current  along  the  axis. 
The  force  on  unit  pole  at  a  distance  x  from  the  centre  of  a 

coil  (radius  a)  in  which  a  current  i  is  flowing  is  -        — = ,  and 

(x2  +  a*)* 

the  work  done  in  bringing  the  unit  pole  nearer  by  an  amount 
dx  is  obtained  by  multiplying  this  expression  by  dx. 

Hence  the  total  work  in  threading  the  ring  by  passing 
unit  pole  from  a  great  distance  one  side  to  a  great  distance 
the  other  side  is 

=  47TI. 

This  is  only  a  particular  example  of  a  general  theorem: 
the  work  done  in  carrying  unit  pole  by  any  path  round  any 
conductor  and  returning  to  the  starting  point  is  47ri  where 
i  is  the  current  in  the  conductor. 

140.  Mechanical    Force.      A   conductor  carrying  a 
current  in  a  magnetic  field  is  subject  to  mechanical  forces. 
This  fact  has  been  illustrated  in  Chapter  I,  where  a  toy 
motor  was  described.     The  magnitude  of  the  force  acting  on 
any  element  of  the  conductor  is  proportional  to  (i)  the  length 
of  the  element,  ds  ;  (ii)  the  strength  of  the  field,  H  ;  (iii)  the 
strength  of  the  current,  i ;  (iv)  the  sine  of  the  angle  between 
the  directions  of  the  field  and  the  element,  $.     If  all  these 
quantities  are  measured  on  the  electromagnetic  system  the 
measure  of  the  force  in  dynes  is  mi  sin  <j>ds.     The  direction  of 
the  force  is  at  right  angles  to  both  the  field  and  the  conductor. 
If  the  middle  /"inger  of  the  right  hand  is  held  parallel  to  the 
magnetic  yield,  the  ^ndex  finger  to  the  current  (i),  then  the 
^umb  when  at  right  angles  to  both  is  pointing  in  the  direction 
of  the  thrust. 

EXAMPLES 

1.  Prove  from  Ampere's  law  that  the  work  done  in  carrying  a  unit  pole 
round  a  long  straight  wire  carrying  a  current  i  is  4-n-i. 

2.  Assuming  the  result  of  Art.  139,  prove  that  the  force  at  any  point 
inside  a  long  solenoid  carrying  a  current  i  with  n  turns  per. cm.  is  birni  and 
that  the  force  outside  it  is  everywhere  zero. 
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3.  In  fig.  10  the  distance  from  the  null  point  to   the  centre   of  the 
wire  wa-s   l.~>cm.  and  the  strength  of  the  earth's   field   \\a>  "IS.").      Find  in 
amperes  the  streiiirth  of  the  current. 

4.  A  long  solenoid  of  diameter  3  cm.  is  made  of  wire  wrapped  s  turns 
to   the   em.     It  carries  a  current  of   P."i3   aiii]icrc.      What    i>    the    flux 
through  it? 

5.  Shew  that  a  circular  coil  of  area  a  carrying  a  current   /  exerts  ou 
unit  jM»le  on  its  axis  a  force  equal  to  that  exerted  by  a  magnet  of  unit 
length  in  "Gauss  A"  position  (Art  166)  of  intensity  /  and  pole  area  a. 

6.  Two  long  straight  parallel  conductors,  2d  apart,  cam*  equal  currents 
/  :  find  the  force  at  points  equidistant  a  from  both. 

7.  Find  the  total  force  exerted  on  a  coil  of  radius  /    and    n    turn- 
carrying  a  current   /  when  a  single  pole  of  strength  m  is  at  the  eentre. 
Shew    that  this  force  is  equal  to   the   force   exerted   by  the  current   on 
the 


8.     Two  parallel  currents  i,  i'  flow  along  conductors  x  cm.  apart.     I  'r-  >\e 

that  the  mechanical  force  l>er  unit  length  which  each  exerts  on  the  other 


9.  Two  small  coils  on  the  same  axis  carry  a  current  /.      If  the  radius  of 
each  is  rand  the  distance  between  them  is  </,  Hud  the  force  each  exerts  on 
the  other. 

10.  Kind  the  force  on  a  long  straight  wire  carrying  a  current  /  due  to 
a  magnetic  pole  of  strength  m  at  a  distance//.      Induce  this  from  Art.  It" 
by  integration. 

11.  Find  the  resultant  force  on  a  magnet  of  moment  M.  len-th  /,  with 
the  centre  distant  r  from  a  conductor  carrying  a  current  /  ami  placed  a>  in 
fig.  113. 

12.  A  coil  of  effective  area  a  and  radius  /•  rotates  with  angular  velocity 
«  about   a   vertical  diameter.      At  the  centre  i>  mounted  a  c..m].;is>  needle 
which   i-  detlectnl  from   the  meridian   through   an   angle  ft  by  the  current 
induced.      l'ro\e  that    the  resistance  of  the  coil  in  electromagnetic  unit>  i* 
«a*r~3COtd.     (l«.  \.  method  for  determining  the  ohm. 

13.  <>n    the   axis   of  a    ring  of  i:>  turns,   radiu-   s  cm.   and 
•|.'{  ohm  i-  a  ma'_rnetie  j.ol,    of  itnngtil   ::  ......      When  the  di- 

what  i-  the  Iliix  throii-li  the  [fagl    <  'oii-iiler  ./'  gri'at  cmiipan-.l  with  radiu-. 
If  the  pole  approaches  \\itl,  :,   \,|,Mit\    r  cm./sec.,  find   the  current  in.i 
K\aluat«-  these  when  P-20,  .r 
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141.  Kelvin's  Compass.  The  ordinary  compass  is  a 
magnet  supported  in  such  a  way  that  it  can  turn  in  a  hori- 
zontal plane  about  a  vertical  axis.  On  the  delicacy  and 
workmanship  of  the  support  the  value  of  a  compass  is  depen- 
dent. On  board  ship  a  compass  should  be  steady :  that  is  to 
say  its  period  of  vibration  should  be  long.  It  should  be  light, 
free  from  friction,  and  though  the  dial  card  should  be  large 
the  needle  should  not  be  long.  The  Kelvin  compass  shewn  in 
the  figure  satisfies  all  these  conditions.  It  consists  of  eight 


Fig.  116. 


Magnetic  Poles 
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tine  nmirneti>ed  needle-  mounted  parallel  to  OIK-  another,  tied 
norther  with  >ilk  and  niounU'il  hv  silk  stays  in  the  middle  of 
a  liii-ht  rim:  of  aliiniiniuni  on  which  are  marked  the  cardinal 
points.  The  cup  i>  of  hra>s  and  holds  a  sapphire  cn»\\  n.  The 
whole  i>  -iipported  on  a  hard  smooth  pointed  pin  i  ti-.  1  1  7 


Fig.  117.  Fig.  118. 

142.  Action  of  Pole  on  Pole.     Take  a  bar  ma-net 
it    will    prohahlv    he   marked   on   one   end   with  an   N.     This 
should  he  it>  North   Pole,  but  as  the  magnetism  of  -uch  a 
har  i-  fre<|uentl\  rever-ed  it    i-  ju-t  as  well  to  make  certain 
of  the  point.      Do  this   hv  holding  it  up  hv  a  pirc-e  of  thread 
and  a  paper  >tirrup. 

Now  ln-ini:  the  end  which  vou  know  to  \w  North  near  the 
North  1'ole  of  a  compa»  needle.  In  ]>lace  of  an  onlinan 
conijci— .  NOII  ni;i\  ii-e  ;i  m;i-  net  i-ed  darnin.i:  lieei  li  iiich 

pierce-  a    piece   of  paper  >uspended   h\  a   length  of  >ilk  tihre 
(//),  li-'.  LIE 

The  pole.  //.  niuvrs  awa\  :  indicating  that  the  two  North 
Pole-  repel  one  another.  In  e\actl\  the  >ame  \\a\  \oii  can 
-heu  that  two  South  P«»lrs  can  repel:  that  a  North  I'ole 
attra«  ilh  I'ole. 

It    i-    near   the   ,  ////>•  of  a   ma-net   that   the  effect-  are  nm-t 
marked.      To  -he\\   thi>  i-oll  a  iiiaunet  i-ed  har  of-teel  in  a  ho\ 
of  iron  filing.     The\   uill  adlu-rr  in  luniche-  nmnd   the  end- 
none  will  sta\   at   the  middle.      We  ma\    regard   the  centre^   of 
the-e  t\\<>  hunclie-  a-  the  po|. 

143.  Magnetic   Induction.       \    ma-net    attract>   iron 
tiliiiLi-  :    a  roii-h  \\a\   of  te-tin-  a  piece  of  iron  h»  see  \\hetlier 
it  i-  ma-neti-ed  or   not    i-   to  dip  ii  into  a  l».\  of  n,,n   tiling-. 
If  the  iron  j.iek-  iij>  the  tilin--.  it  i-  ma-neti-e(|.     Te-t  in  thi- 


14-2 


Elementary  Magnetism 


Fig.  119. 


way  a  few  pen  nibs  or  sewing  needles  and  pick  out  a  couple 
which  shew  no  signs  of  magnetism.     Hang 
both  of  them  by  their  points  on  one  end— 
sa\  the  North — of  a  strong  magnet  close 
together  but  not  touching.     Look  care- 
fully to  see  whether  the  two  hang  vertically 
side  by  side  or  the  lower  ends  are  farther 
apart  than  the  points.     In  the  latter  case 
how  could  you  possibly  account  for  the 
apparent  repulsion  between  the  two? 

Test  the  two  nibs  again  with  the  iron  filings. 

As  the  result  of  this  experiment  you  will  probably  find 
that  both  nibs  have  become  magnetised.  This  is  not  neces- 
sarily the  case  for  all  nibs  are  not  exactly  similar.  If  they 
are,  test  their  polarity,  i.e.  see  at  which  ends  the  North  and 
South  poles  lie. 

Take  the  magnet  again  and  hang  from  the 
end  a  nib  or  a  wire  nail.  At  the  end  of  this 
you  will  find  you  can  hang  a  second,  and  so  on 
until  you  get  a  string  of  perhaps  four  or  five. 

The  formation  of  this  chain  of  nails  is 
easily  explained.  Suppose  the  North  end  of  the 
magnet  is  used :  then  the  first  nail,  when  near 
it  or  in  contact  with  it,  becomes  magnetised 
and  in  turn  magnetises  the  second  and  so  on. 
We  get  then  a  chain  of  magnets,  the  North  Pole 
of  one  clinging  to  the  South  Pole  of  the  next, 
of  the  tuft  of  filings  (Art.  142),  is  explained  in  the  same  way. 

The  magnetism  produced  by  the  presence  of  a  magnet  is 
said  to  be  induced.  In  the  cases  considered  this  magnetisation 
by  induction  is  only  temporary.  To  shew  this  hang  a  wire 
nail  or  key  from  the  pole  of  a  strong  magnet  and  dip  the  free 
end  into  a  basin  of  filings.  A  bunch  clings  to  it.  Now 
remove  the  nail  from  off  the  magnet.  The  filings  all,  or 
nearly  all,  fall  off. 

It  is  worth  while  to  repeat  the  experiment,  replacing  the 
nail — which  is  made  of  soft  iron — by  a  darning  needle,  razor 
blade,  or  other  piece  of  hard  steel.  You  will  notice  this 
difference :  when  the  needle  is  pulled  off  the  magnet  some  of 
the  filings  will  still  adhere.  The  needle  is  magnetised  by 


Fig.  120. 

The  existence 
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induction  in  the  same  wax  as  the  snt't  iron.  Inn  the  soft  iron 
lo-e>  nearly  all  trace  of  magnetisation  when  removed  from 
tin-  neighbourhood  nf  the  magnet  :  tin*  lianl  steel  retains  it- 
magnet  i.-at  ion  iniich  better.  Hard  steel  can  be  pcrmancnth 
magnetised  :  -oft  iron  or  steel  cannot. 

Tin'  attraction  of  a  piece  of  iron  by  a  magnet  appears  a 
ver\  simple  tiling  at  first  siirlit,  but  as  a  matter  of  fact  the 
attraction  i>  preceded  by  the  magnet  isat  ion  of  the  iron.  One 
portion  of  the  iron  Incomes  North  and  the  other  South  so 
there  are  at  least  four  forces  to  be  considered:  the  two 
repulsion-  hetueen  the  like  poles,  the  two  attractions  between 
the  unlike.  The  final  approach  of  a 


filin-   to  a   magnet  is  due  to  the  fact       Is  Nl 

that  two  of  the  unlike  poles  (N,  s), 
tin.    I'Jl.   are    comparatively    close  to- 
gether   and    that   their  attraction    more    than   balances    the 
repulsion  between  the  like  poles. 

144.  To  test  the  polarity  of  a  magnet.  If  a  piece  of 
in.i-neti-ed  iron  is  brought  close  to  a  compass  needle  the  iron 
is  man-net i-ed  by  induction  from  the  needle  and  attracted. 
Attraction  then  between  a  compass  needle  and  a  piece  of  iron 
U  no  >ure  indication  of  previmi-  magnetisation  in  the  iron. 

If  on  the  other  hand,  the  approach  of  a  piece  of  iron 
causes  repulsion  there  must  be  two  like  poles  near  together 
and  the  magnetisation  of  the  iron  cannot  be  due  to  induction. 
|{epul-ion  is  therefore  the  proper  test 

=.  ©" 


N       A 
!  i    .    \-2-2. 

Now  suppose  a  magnet,  N&  is  placed  near  to  a  piece 
of  soft  iron.  AB,  as  in  f'm.  1^-J.  We  know  that  An  will  be 
mairnrtised  b\  induction  and  the  experiments  above  arc 
really  siillicient  to  pro\e  that  the  end  /t  i>  North  and  .1  i- 
South  for  (1)  iron  i-  on  the  whole  attracted  :  the  t\\«»  poK-- 
nrarest  together  mii-i  then  be  unlike:  ( J  i  if  the  iron  i-  not 
very  soft  (the  nib  experiment  of  Art.  li:i>  it  \\ill  retain  .-ome 
maglieti-m.  The  ma-net  NS  ina\  be  taken  a\\a\  and  the 
<-nd-  .t  li  tested  \\ith  a  compa—  needle.  It  \\ill  be  found  that 
/,'  rapell  the  N«»rlh  I'ole.  .1  the  South  Pole  of  the  needle. 
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If  the  magnet  is  placed  to  point  East  and  West,  the  end 
B  may  be  tested  in  position,  for  the  repulsion  of  the  North 
Pole  of  a  compass  needle  ns  is  much  more  marked  when  the 
rod  is  there  than  when  it  is  removed. 

To  test  the  polarity  of  the  near 
end  place  the  compass  and  the 
magnet  as  in  fig.  123.  This  time 
the  magnet  is  to  point  North  and 

South.      Then  gradually  bring  up        B A 

from  the  left-hand  side  the  rod  AB       (-  0      -A/I 

into  the  position  shewn.     As  AB  4 

approaches  the  North  Pole  of  the  Fig.  123. 

compass  ns  will  move  away.     This 
indicates  that  the  end  A  is  North. 

145.  Induction  by  the  Earth.     A  piece  of  iron  in  the 
neighbourhood  of  a  magnet  becomes  itself  a  magnet.     Now 
the  earth  is  magnetised  and  therefore  all  pieces  of  iron  may 
be  expected  to  shew  signs  of  induced  magnetism. 

To  illustrate  this  do  the  following  experiment.  Take  an 
unmagnetised  rod  of  soft  iron.  Hold  it  horizontal  in  the 
plane  of  the  meridian  and  tap  it  gently  with  a  hammer.  Now 
test  both  ends  by  means  of  a  compass  needle.  You  will  find 
that  the  end  which  pointed  North  repels  the  North  end  of  a 
compass  needle.  The  rod  has  therefore  been  magnetised  by 
induction  from  the  earth.  To  demagnetise  the  rod,  hold  it 
horizontal  pointing .  East  and  West  and  strike  it  a  few  times 
with  a  hammer. 

After  it  is  demagnetised,  hold  it  vertical  and  tap  it  again 
with  a  hammer.  It  will  become  magnetised  again :  and  the 
North  Pole  will  be  at  the  lower  end.  If  you  care  to  take  the 
trouble  you  will  find  that  almost  any  vertical  piece  of  iron— 
a  pillar,  rail,  gas  pipe — is  magnetised  with  a  North  Pole  at 
the  bottom. 

146.  Lines  of  Force.     Consider  the  action  of  a  magnet 
NS  at  a  point  P  near  to  it.     Of  course  if  there  is  no  magnetic 
substance  at  P  there  will  be  no  action  at  all.     We  shall 
suppose  then  that  we  have  the  North  Pole  of  a  small  compass 
needle  at  P.     It  will  be  repelled  by  N,  attracted  by  S.     In 
the  diagram  SP  is  about  half  NP  so  that  the  attraction  to  8 
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be  about  tour  times  the  repulsion  from  N,  for  fon-c- 
are  inver-el\  proportional  to  the  squares  of  the  distances 
between  poles.  To  find  the  direction  of  the  resultant,  mark 
"ff  a  length  /M  of  one  unit  along  XI>  and  a  length  Pit  of 
four  unit-  alon-  PS.  Complete  the  parallelogram  PACE: 
the  diagonal  PC  gives  the  direction. 

Now  if  we  could  iret  a  North  Pole  at  P  and  it  were  quite 
free  to  move  it  would  he-'in  to  travel  in  the  direction  />r.  In 
Jirtual  practice  we  cannot  get  a  North  Pole  all  by  it>elf : 
c\er\  ma-net  has  a  South  Pole  as  well  as  a  North.  We  can 
however  test  our  result  rou-lilv  by  the  following  experiment. 


Fig.  124. 

Take  a  loni:  magnetised  needle  and  by  thru-til  in  il  throii-h 
a  c,.rk  arrange  it  to  float  vertically  in  a  large  trough  of  water. 
North  Pole  upwards.  Place  a  magnet.  bar  or  lior-e  -hoe. 
nearh  level  with  the  surface  of  the  water  and  clo-e  to  the 
float  inn'  needle.  The  needle  will  move  away  from  the  North 
end  of  the  magnet,  trace  a  curve  and  finally  reach  the  South 
end.  Note  the  shape  of  the  path.  Repeat  the  experiment  b\ 
-tartiiiLT  the  needle  in  different  place-.  <  l'nle.-s  the  trough  i- 
a  big  one  the  cork  will  l»e  pulled  to  the  side  b\  the  surface 
ten-ion  of  the  \sai 

The  path  traced  l»y  the  needle  i-  calle(|  a  /////    <>/  fui'CC. 

Thi-  iiH-lhod  of  tracin-  line-  of  force  though  \er\  -imple 
and  ea-il\  imder-tood  i-  neither  exact  nor  con\  enieiit.  \ 
much  better  method  i-  to  IM-  a  compass  needle. 

Consider  ai:ain  the  ma-net  A'N  .  I'm.  1 -J  !  > :  lln-  fnn-e  on  a 
North  Pole  at  /'  i-  in  the  direction  /T.  Thi-  mean-  that  iff 
-mall  comjia--  w«-re  brought  up  to  P,  itH  North  Pole  \\oiild 
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be  pulled  in  the  direction  PC,  its  South  Pole  would  be  pushed 
in  the  opposite  direction,  CP.  The  compass  would  therefore 
point  along  the  line  PC.  This  is  the  direction  of  the  '  line  of 
force '  passing  through  P. 

147.  To  trace  lines  offeree.  Place  a  magnet  pointing 
South  and  North  in  the  middle  of  a  large  sheet  of  paper. 
Put  the  compass  near  the  N  end  of  the  magnet  and  make  a 
dot  on  the  paper  at  each  end  of  the  needle.  Now  move  the 
compass  into  such  a  position  that  the  south-seeking  end  of  the 
needle  may  be  where  the  north-seeking  end  was.  Make  a  dot 
under  the  north-seeking  end,  and  continue  in  the  same  way. 
Draw  a  curve  through  the  points  thus  obtained. 

Obtain  several  other  curves  in  a  similar  way,  starting  from 
different  points. 

Fig.  125  is  the  northern  half  of  a  drawing  obtained  in  this 


Fig.  125. 
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\v5iv.  There  is.  however,  this  point  to  be  noticed.  The  earth 
acts  as  a  man-net  so  that  the  lines  of  force  obtained  are  due 
parti v  t<>  the  earth,  partly  to  the  magnet 

In  the  centre  of  the  field  the  force  due  to  the  magnet  is 
much  -renter  than  the  foree  due  to  the  earth,  and  the  shape 
of  the  lines  is  only  slight Iv  modified  by  the  influence  of  the 
earth.  <>n  the  outlyinir  parts,  however,  the  case  is  just 
reversed 


10—2 
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Notice  the  point  marked  X.  At  all  points  in  the  axis,  a 
compass  would  point  either  due  North  or  due  South.  Near 
to  S  the  magnet's  influence  will  be  greater  than  the  earth's 
so  that  the  compass  would  point  due  South :  further  off  the 
earth's  influence  will  be  greater.  There  must,  therefore,  be 
some  point  at  which  the  two  are  exactly  equal,  and  where  a 
tiny  compass  would  point  indifferently  in  any  direction.  Such 
a  point  is  called  a  neutral  point.  X  is  a  neutral  point, 
and  there  is  a  corresponding  one  further  South  outside  the 
diagram. 

If  the  magnet  is  reversed — i.e.  points  to  the  North — there 
are  no  neutral  points  on  the  central  line.  There  are,  however, 
two  others,  one  on  either  side  of  the  magnet,  v.  fig.  126. 

Fig.  127  gives  the  lines  for  a  magnet  pointing  at  right 
angles  to  the  meridian. 

148.  Lines  of  force  traced  by  filings.  If  the  field 
which  has  to  be  traced  is  a  strong  one,  iron  filings  may  be 
used  in  place  of  a  compass:  each  little  chip  of  iron  is 
magnetised  by  induction  and  its  North  Pole  is  ready  to  join 
up  to  the  South  Pole  of  its  neighbour.  In  this  way  chains  of 
filings  are  formed  along  the  lines  of  force. 

Place  a  magnet  on  the  bench  under  the  middle  of  a  sheet 
of  white  cardboard.  Sprinkle  the  surface  with  filings  shaken 
from  a  muslin  bag  held  a  foot  above.  Tap  the  cardboard 
gently.  Make  a  sketch  of  the  figures  produced. 

If  you  wish  to  make  a  permanent  record  a,  simple  plan  is 
to  lay  on  the  top  of  the  cardboard  a  sheet  of  paper  which  has 
been  soaked  in  hot  paraffin  wax  and  allowed  to  drain  and 
cool.  If  the  filings  are  scattered  over  this  in  the  usual  way, 
a  little  heat  will  cause  them  to  stick  to  the  paper. 

The  figures  (129  &c.)  were  obtained  by  scattering  the 
filings  in  a  dark  room  on  the  film  side  of  an  ordinary  photo- 
graphic plate :  the  magnets  were  below  under  the  glass  side. 
After  the  plate  had  been  sprinkled  and  tapped  a  match  was 
lighted  and  held  a  yard  above  the  plate. 

Fig.  128  shews  the  lines  due  to  two  magnets  with  like  poles 
together. 

Notice  that  the  outer  parts  of  the  field  are  not  very 
different  from  those  of  a  single  magnet. 
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Notice  also  the  two  neutral  points  half-way  between  like 
poles. 

In  fig.  129  unlike  poles  are  together:  note  the  neutral 
point  in  the  centre. 

In  fig.  130  a  bar  of  soft  iron  replaces  the  upper  magnet. 
Note  that  the  field  does  not  seem  to  extend  to  the  far  side  of 
this  iron. 

In  fig.  131  the  left-hand  half  represents  half  the  field  due 
to  a  horse-shoe  magnet  without  a  keeper :  the  right-hand  half 
is  the  corresponding  figure  for  the  same  magnet  with  the 
keeper  in  position.  Note  how  the  keeper  confines  the  field. 
In  the  first  case  the  field  near  the  pole  is  so  strong  that  the 
filings  are  pulled  right  away  and  a  bare  patch  is  left. 

In  fig.  132  we  get  the  field  due  to  three  poles,  in  one  case 
two  alike  and  one  unlike ;  in  the  other  all  three  alike. 

Fig.  133  shews  an  iron  washer  between  unlike  poles.  The 
lines  crowd  up  to  the  ring  and  run  through  the  material  of  it 
so  that  none  can  be  detected  within  the  inner  circle. 

Fig.  134  gives  the  lines  due  to  a  single  pole.  To  obtain 
this  the  magnet  was  vertical  and  the  plate  horizontal.  Notice 
the  lines  crushed  to  the  corners. 

Fig.  135  was  obtained  in  the  same  way  but  a  circular  sheet 
of  iron  was  held  between  the  plate  and  the  magnet. 

Fig.  136  is  from  two  magnets  placed  to  form  a  T. 

These  figures  give  a  good  deal  of  information  about  the 
behaviour  of  iron  in  a  magnetic  field.  In  the  first  place  we 
see  that  the  lines  of  force  bend  and  crowd  into  the  iron. 
Further  they  do  not  seem  to  cross  the  iron  at  all.  Thus  the 
bar  of  iron  in  fig.  130  '  shields '  the  space  beyond  it  from 
the  action  of  the  magnet.  There  are  no  lines  of  force  in  the 
middle  of  the  iron  ring,  fig.  133. 

This  screening  or  shielding  effect  of  iron  is  very  important. 
A  compass  needle  placed  inside  a  box  made  of  thick  soft  iron 
would  not  be  influenced  by  a  magnet  outside  it.  A  box  of 
wood  or  glass  or  copper  would  not  have  a  like  effect. 

149.  To  magnetise  a  rod  of  steel  lay  it  on  the  bench  and 
draw  the  pole  of  a  strong  magnet  from  one  end  A  to  the  other 
end  B  (fig.  137).  Lift  the  magnet  off  at  B,  replace  it  at  A  and 
draw  it  again  over  the  steel  to  B.  Repeat  this  several  times. 
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If  tlu-  North  m<l  of  the  magnet  is  used,  the  end  A  of  the 
>teel  will  be  North,  ami  tin-  mil  It  will  IK-  South. 

It  is  perhaps  more  effective  to 
ii>r  what  is  called  the  method  of 
*  divided  touch.'  Take  two  man 
nets  and  brim:  the  North  Pole  of 
one  and  the  South  Pole  of  the  other 
C]MM-  together  near  the  middle  of 
the  -teel.  Now  draw  them  apart 
towards  the  'ends  A,  B  (fig. 


B 


Fig.  137. 


If  the   poles  are  as  shewn,  the  end  A  will  become  South. 
and  //  North.     The  steel  may  be  laid  on  two  other  magnets, 

A"  .  N  .  luit  this  is  not  necessary. 


N' 
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150.  Consequent  poles.     Repeat  the  abo Ye  operations 

on  another  piece  of  >teel.  l)iit  thi>  time  use  the  two  like  end> 
(gag  N.)  of  the  magnet-.  The  steel  will  be  mamieti-ed  to 
form  a  double  mairnet  :  i.e.  it  will  have  like  poles  (S.)  at  the 
end-,  and  double  or  const-orient  poles  (N.)  at  the  centre. 

151.  Molecular  Theory  of  Magnetisation.     Ifau'lass 
tube   i-   loosch    ])acked   with  >teel    filin-s  and  treated   in   the 
-;mie  \\a\   M   the   -h-el    bar   in   article    1  \\).  the   tilini:>  can    U« 
MOD   to  riw  up  on  end  and  turn  over  as  the  magnetic  poll- 
passes  across  them.     Kurt  her,  the  rou.irh  surface  is  smootlii'd 
out  and  the  filing  ha\e  joined  up  in  line.      If  t  lie  condit  ion  of 
the  tube    i^    toted  \\ith  a  c-ompa>-  needle,  it   will    be    found    to 
tM  ma-neti-ed  to  -,„,,,.  , -\teiit.      The  -li-lite-t   -hake.  ho\\.-\  «-i'. 
MeaM    lo  dc-trov    thi>   orderl\    ari-an-eineiit    and    \\ith    it    the 
mairnetisation. 

No\\     a     pieee    of   -oft     iron     -eelll-    to    b<'ha\(>    ill    niliell    the 

>ame  \\a\  as  the  tube-  of  tilini:-.      It   al>o  can    be   mairnetised 
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but  a  shake  destroys  its  magnetisation.  We  might  imagine 
that  the  iron  is  made  up  of  small  particles,  that  each  part  is 
itself  a  magnet.  In  the  ordinary  condition  these  particles  are 
arranged  haphazard  and  point  in  different  directions.  The 
presence  of  a  strong  magnet  might  make  many  of  these  little 
'molecular  magnets'  turn  round  and  face  in  a  definite 
direction. 

Fig.  139  is  an  attempt  to 


j-  ig.    io»  is   itii   attempt    to          ^_ <      <     ^~\         (~ 
illustrate    this    imagined    ar-        <-   <-  <-  *-  < 


rangement.     Here  the  N.  Pole  pig.  139. 

of  one  magnet  comes  close  to 

the  S.  Pole  of  its  neighbour  so  that  the  two  practically 
neutralise..  There  are,  however,  a  set  of  N.  Poles  at  one  end 
and  S.  Poles  at  the  other  which  have  not  been  so  eliminated  : 
such  a  collection  of  little  magnets  would  therefore  act  as  one 
big  magnet.  A  shake  would  disturb  the  arrangement  and  so 
demagnetise  the  iron. 

Such  a  theory  accounts  for  the  properties  of  soft  iron,  so 
far  considered.  Hard  steel  we  may  suppose  differs  from  soft 
in  that,  though  similarly  constituted,  the  '  molecular  magnets ' 
cannot  arrange  themselves  so  readily:  when  arranged,  how- 
ever, they  are  more  firmly  fixed.  This  will  explain  why  hard 
steel  is  less  readily  magnetised  than  soft  iron :  but  when 
magnetised  its  magnetism  is  more  permanent.  Soft  iron 
or  steel  can  only  have  temporary  magnetism;  hard  iron  or 
steel  can  retain  its  magnetism  to  some  extent,  but  every 
shake  or  knock  tends  to  destroy  it. 

Take  a  knitting  needle,  notch  it  with  a  file  in  the  middle. 
Then  magnetise  by  any  method  and  break  it  in  two  at  the 
notch.  Test  each  part  with  a  compass.  You  will  find  you 
have  two  magnets,  each  having  a  North  and  a  South  Pole. 
If  you  care  to  break  the  halves  again,  you  will  get  four 
complete  magnets;  and  so  on  till  you  get  to  quite  small 
pieces,  all  of  which  are  magnets. 

152.  Demagnetisation.  It  will  be  convenient  to  use 
a  needle.  Test  its  condition  by  a  compass  and  then  hold  it  in 
a  Bunsen  flame  till  quite  red  hot.  Now  bring  it  close  to  the 
needle,  you  will  find  there  is  no  action :  when  red  hot,  iron  is 
non-magnetic.  Now  remove  the  needle  from  the  compass, 
heat  it  up  again  and  drop  it  into  water  to  cool  it  quickly. 
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Te-t  it  a-ain  by  tin-  compass  and  you  will  find  that,  though 
magnetic,  it  is  no  lonirer  niairneti>ed. 

If  the  -teel  had  been  allowed  to  coo]  in  a  >tron-  magnetic 
field,  it  would  have  regained  its  magnetism.  To  do  this, 
place  it  while  hot  l>et\veen  the  poles  of  a  stroll-  h<>r-e-shoe 

magnet 

Heating  and  >hakiiiL:  de-troy  the  magnet i-m  of  a  picee  of 
Bteel:  but  even  if  not  subjected  to  these  actions  no  magnet 
i-  really  permanent:  it  can  demagnetise  itself.  Consider 
what  wonld  l>e  the  behaviour  of  a  little  compass  needle  placed 
on  the  top  of  a  bar  magnet,  as  in  fig.  140;  it  wonld  point 

towards  the  South  Pole1  of  the  s ^n 

mairnet.  i — 

But  on  the  theory  we  have         ^ —  S 

ju-t   de-cribcd  the  little 'mo-  Fig.  140. 

lecular'  magnets  point  in  the 

opposite  direction.  They  must  therefore  be  under  the  action 
of  force-  which  tend  to  reverse  their  direction.  This  revcr-al 
would  mean  demagnetisation. 

Thi-  tendency  to  reverse  can  be  eliminated  or  decreased 
b\  putting  near  N  a  North  Pole,  near  A'  a  South  Pole. 
T\so  magnets  then  ]»laced  side-  by  side,  as  in  fi.ir.  l^U.  will 
retain  thi-  ma-iieti^in  much  better  than  if  kept  separately. 
e-|»«  cially  if  their  ends  are  joined  by  soft  iron  bars  or  '  keepeis.' 

The  purpose  of  the  keeper  with  which  a  horse-shoe  niau'iiet 
>h<»nld  always  be  provided  i>  now  apparent.  It  joins  the  pole- 
together  and  becomes  magnetised  by  induction:  so  that  each 

pole  i>  clo>ely  joined  to  ail  op|»o>ite  one. 

153.     Ewing's    experiment.      If    a    larii'e    number    of 

compile  iKM-dle-  be  taken  and  grouped  together.  I »\  i intin- 

them  on  a  boa i-d.  it  i-  found  that  they  do  not  all  point  toward 
the  North  but  that  one  influences  another  >o  much  that  their 
arrangement  appear-  hapha/ard.  Prof.  Kwiii^  t«»«»k  a  collec 
tion  of  needle-,  -uch  a-  thk  and  put  it  in  a  nia-nelic  field  the 
>treiiLrth  of  which  \\a-  n'radually  increased.  While  the  field 
was  weak  there  was  no  marked  etl'eet  a  few  needles  onl\ 
changed  tlieir  direction,  but  <>n  the  field  bein-  mad.-  stronger 
more  and  more  needl.--  pointed  in  the  direction  of  the 
magnetic  torn-  until  finally  the\  all  did  -o.  a  -real  number 
round  all  at  the  sinie  time. 
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As  the  strength  of  the  field  was  gradually  decreased,  a  few 
noodles  only  lost  their  alignment;  most  of  them  retained  it 
until  the  external  magnetic  force  was  removed.  A  slight 
shake  was  then  sufficient  to  cause  them  to  take  up  positions 
and  groupings  similar  to  those  they  held  originally. 

This  experiment  illustrates  almost  exactly  the  behaviour 
of  a  piece  of  soft  iron  and  is  further  evidence  in  support  of 
the  molecular  theory. 

154.  Magnetic  substances.     The  only  substances  cap- 
able of  being  permanently  magnetised  are  iron  and  some  of 
its  compounds  such  as  steel  and  the  oxide  of  iron  which  is 
sometimes  found  as  a  natural  magnet.     But  though  no  other 
substances  can  be  turned  into  magnets,  yet  many  are  influenced 
by  a  magnet  to  some  slight  extent.     Such  substances  are 
called  magnetic.     Excluding  iron,  the  most  notable  magnetic 
substances  are  nickel  and  bismuth.     The  former  is  attracted 
by  a  magnet  and  can  be  tested  by  a  compass  needle  in  the 
ordinary  way,  though  it  is  better  to  hang  up  a  bar  of  the 
metal  between  the  poles  of  a  powerful  magnet. 

The  behaviour  of  bismuth  is  quite  different.  When  treated 
in  the  same  way  as  the  nickel,  instead  of  being  attracted  to 
one  of  the  poles  it  turns  at  right  angles  to  the  line  joining 
the  poles  and  is  repelled  from  the  strong  part  of  the  field. 

Iron,  nickel  and  cobalt  are  attracted  by  a  magnet  and  set 
themselves  along  (or  parallel)  to  the  lines  of  force :  they  are 
called  paramagnetic  substances:  bismuth  and  antimony  are 
repelled  by  a  magnet  and  set  themselves  across  the  lines 
of  force.  They  are  called  diamagnetic. 

In  a  really  powerful  field  it  can  be  shewn  that  almost  all 
substances  are  magnetic  to  some  extent:  thus  wood,  paper, 
&c.  are  attracted  but  only  very  slightly.  It  is  remarkable 
how  great  a  difference  there  is  between  the  magnetic  proper- 
ties of  iron  and  of  all  other  substances. 

155.  Temperature  effect.     The  magnetic  properties 
of  iron   are   dependent  on   temperature.      The   higher  the 
temperature  the  more   strongly  magnetic,  provided   that  a 
certain  limit  is  not  passed.     Beyond  this  critical  tempera- 
ture, about  700°  C.  or  800°  C.,  iron  ceases  to  be  magnetic 
at  all.     In  other  words  the  susceptibility  vanishes  and  the 
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permeability  falls  to  units  (Art.  17"".  Tin-  temperature  i- 
apparently  <>ne  at  which  the  structure  of  the  iron  i>  in  >ome 
way  altered:  tor  if  a  piece  of  the  iron  is  allowed  to  cool  down 
to  it  after  being  red  hot  it  will  suddenly  emit  a  di>tinct  luit 
tnm-icnt  -low  accompanied  by  a  rise  in  temperature.  For 
thi-  reason  the  temperature  is  called  that  of  irrti/wt-m-c.  If 
a  knittiiiLi  needle  is  heated  in  a  dark  room  in  a  Bunsen  flame 
and  then  allowed  to  cool,  this  phenomenon  can  often  be 
observed.  The  exact  temperature  of  recalescence  is  dependent 
on  tin'  kind  of  iron  or  steel.  So  also  is  the  critical  tem- 
perature. 

The  i>ermeal>ility  of  iron  is  not  a  definite  quantity  even  t'nr  the  same 
-peeimen  :  it  is  dependent  on  the  strength  of  field.  For  very  ,-trom:  field* 
tlie  al>o\e  results  are  not  true:  for  it  is  found  that  i>ermeal.ility  then 
decreases  with  rise  in  temperature:  in  any  case  however  iron  ceases  to  be 
magnetic  at  the  critical  temperature. 


EXAMPLES 

1.  How  could  you  conveniently  arrange  a  horse-shoe  magnet  -o  tliat 
it  would  act  as  a  coin  pas*  needle  .' 

2.  A  magnet  pointing  S.  and  X.  lie-  on  a  tal.le.     At  several  different 
di>lanccs  Loth  K.  and  X.  of  the  centre  of  this  are  placed  -mall  compasses. 
Draw  a  diairram  >hewini:   how   these  compasses  would  iM»int.  and   indicate 
which  would  reverse  if  the  ma-net  \\rn-  I"  !•••  i-«-\rrM-d. 

3.  What  i>  meant  l.y  magnetic  matter  and  magnetised  matter        llo\\ 
would  you  distiiiLrni>li  I'etweeii  them  '. 

1       Hoth  end-   «,f  ;,    strel    iur  i.ltract  the   N.I',  of  :t  needle.       What  i>  the 

magnetic  state  of  th*  i..,r 

5.      How    could    von,    l.y    means  of  magnetic  e\perimi-nt-.  .li>tiir_:ui>h 
between  bare  of  brass,  soft  iron,  hard  >teel.  and  a  liar  ma-net 


6.  <  >ne  end  of  a  l.ar  «.f  ^\^-\  j.  l,r,.u-ht  lirar  the  N    I',  of  a  li..ri/.  -ntally 
8U8pendc<l  magnet.      At  tii--t  thrrr  appear-  to  !„•  -li-jht  n'|»uNion.  l.ut   then- 
i>  attraction   \\heii    the  di-tauce  between   the   t\\o   i-   deorMted      Kxplain 

kkk 

7.  A  l.ar  of  iron  i-  -1ron-_rly  ma^m-ti-ed.      How  could  v.-u  -lieu  that  the 
oiit>iil,-  p.irt-  oi.l 

8.  Wh\ 
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9.  'A  magnet  attracts  iron;  but  when  we  analyse  the  effect  we  learn 
that  the  metal  is  not  only  attracted  but  repelled,  the  final  approach  to  the 
magnet  being  due  to  the  difference  of  two  unequal  and  opposing  forces.' 
Tyn.lall. 

Kx plain  and  criticise  this  statement. 

10.  How  would  you  magnetise  a  bar  of  steel  so  that  it  may  have 
consequent  S. Polos  at  the  centre? 

11.  Two  compass  needles  are  placed  on  a  table,  one  a  considerable 
distance  S.W.  of  the  other.     What  influence  will  they  have  on  each  other  ? 

12.  A  compass  needle  is  placed  a  long  way  due  S.  of  a  strong  magnet, 
which  lies  in  the  magnetic  meridian.     Describe  the  behaviour  of  the  needle 
as  it  is  carried  up  to,  over,  and  beyond  the  magnet. 

13.  An  iron  ball  is  held  over  a  pole  of  a  horse-shoe  magnet.     Will  the 
attraction  exerted  on  the  ball  be  altered  if  the  poles  of  the  magnet  are 
connected  by  a  soft  iron  keeper,  and,  if  so,  in  what  way  and  why  ? 

14.  A  magnet  is  placed  horizontally  in  the  magnetic  meridian  due 
south  of  a  compass  needle.     How  will  its  action  on  the  latter  be  affected  if 
(1)  a  plate  of  soft  iron  is  interposed  between  the  two,  (2)  a  rod  of  soft  iron 
is  placed  along  the  line  which  joins  their  centres  ?    Give  reasons. 

15.  A  strong  magnet  is  placed  with  its  centre  due  E.  of  a  compass 
needle.     If  the  magnet  is  horizontal  and  points  N.  and  S.,  and  is  then 
turned  round  in  the  direction  N.,  E.,  S.,  W.,  N.,  about  a  vertical  axis,  what 
will  be  the  changes  in  the  indications  of  the  compass  ? 

16.  A  magnet  with  its  north-seeking  pole  E.,  and  its  south-seeking 
pole  W.,  is  placed  with  its  centre  the  same  distance  N.,  E.,  S.,  and  W., 
successively,  of  a  small  compass  needle  on  a  table.   Give  four  figures  shewing 
the  nature  of  the  deflexion  of  the  compass  needle  in  each  case. 

17.  A  piece  of  soft  iron  wire  is  held  in  a  vertical  position  with  its 
lower  end  near  the  North  Pole  of  a  compass  needle,  which  is  feebly 
attracted.     The  wire  is  then  heated  bright  red  by  a  flame,  when  it  is 
observed  that  the  attraction  ceases.     As  the  wire  cools  the  needle  is 
observed  to  be  repelled. 

Explain  these  phenomena. 

18.  How  could  you  (1)  magnetise  a  ring  of  iron,  (2)  test  the  magnetic 
condition  of  such  a  ring  ? 

19.  A  magnet  is  placed  near  a  compass  needle.     In  what  ways  could 
we,  without  removing  the  magnet,  get  rid  of  nearly  all  its  action  on  the 
needle  ? 

20.  A  rod  of  soft  iron  is  placed  horizontal  and  perpendicular  to  the 
magnetic  meridian  so  that  its  axis  produced  passes  through  the  centre  of  a 
compass  needle.     How  is  the  needle  affected  by  the  iron,  and  how  is  the 
effect  altered  when  the  end  of  the  rod  remote  from  the  needle  is  gradually 
raised  until  the  rod  is  vertical  ? 


Examples  l.~>7 

21.  Ho\v   would   you  place  a  rod  of  soft  iron  for  it  (1)  not  to  be 
monetised,  (2)  to  be  magnetised  as  much  as  possible  along  its  length  l»y 
the  earth's  indiietive  aetimi  '     (Jive  ymir  reasons. 

22.  ABCDE  is  a  pentagon.     A  large  magnet  lies  along  AB.     MI  mil 
roinj>as>  needles  are  placed  at  the  corners.    Shew  in  a  diagram  the  positions 
they  will  assume. 

23.  It  is  desired  to  have  a  compass  which  will  oscillate  as  quickly 
as   possible.     What  sort  of  magnet  would  you  use,  ami  how  would  you 
arrange  it? 
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156.  To  determine  the  magnetic  axis  of  a  disc  and 
the  meridian  at  any  place.     If  a  magnetised  disc  is  hung 
up  by  a  hook  from  the  centre  it 

will  come  to  rest  with  its  mag- 
netic axis  pointing  North  and 
South.  To  determine  this  axis, 
rule  any  diameter  on  the  disc 
and  mark  the  position  this  line 
takes  up  when  the  disc  comes 
to  rest.  This  may  conveniently 
be  done  by  holding  the  disc  over 
a  horizontal  drawing  board  and 

marking  the  positions  of  the  ends  of  the  diameter  by  means 
of  pins.  NOAV  reverse  the  disc,  so  that  the  upper  side  comes 
underneath.  When  the  oscillations  have  ceased,  again  mark 
the  position  of  the  diameter.  The  line  bisecting  the  angle 
between  the  two  directions  so  obtained  gives  the  true  compass 
North.  That  this  is  so  is  quite  easy  to  understand,  for  turning 
the  disc  upside  down  cannot  alter  the  direction  of  the  magnetic 
axis  which  must  be  N.  and  S.  so  that  any  other  diameter  must 
be  inclined  as  much  West  of  it  after  reversing  as  it  was  East 
of  it  before. 

157.  The  Meridians.     At  most  places  on  the  earth  a 
compass  needle  points  in  a  northerly  direction ;  not  exactly 
North,  but  a  few  degrees  East  or  West  of  North.     We  do  not 
know  the  reason  for  this:  in  fact  we  do  not  know  why  it 
should  point  in  any  particular  direction  at  all. 
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To  find  true  North — or  geographical  North  --we  max  u-r 
the  >mi  or  the  stars:  for  these  are  due  South  of  us  when 
hiirheM  in  the  >k\.  It  i>  <niite  worth  while  to  do  the  foll<>\\  in- 
experiment.  Set  up  a  stick  vertically  in  the  ground  and  take 
oUervation>  of  the  length  of  its  shadow.  When  this  is  least, 
the  Sun  i>  due  South  and  the  shadow  is  pointing  North  and 
South.  The  time  of  this  will  always  be  between  11.40  and 
\'2.*2(*  I  »y  mean  (clock)  time.  You  cannot  get  a  very  accurate 
North  and  Smith  in  thi>  \\a\.  for  the  shadow  is  too  indistinct 
to  be  easily  measured,  but  yon  will  quite  readily  see  that  the 
line  is  not  in  the  direction  in  which  the  compass  points. 

\\  e  define  the  plane  of  the  geographical  meridian  at  am 
place  as  the  plane  passing  through  that  place  and  also 
through  the  axis  of  the  earth.  It  is  a  vertical  plane,  true 
North  and  South. 

The  plane  of  the  magnetic  meridian  at  any  place  is 
defined  as  the  vertical  plane  passing  through  the  axis  of  a 
<-ompa»  needle.  The  angle  between  the  two  meridians  is 
called  the  I >t<-li nation.  Perhaps  it  is  simpler  to  say  that  the  de- 
clination i^  the  alible  between  true  North  and  compass  North. 

158.  The  Declinometer  is  an  instrument  for  the  accurate 
<1« termination  of  the  magnetic  North  and  South.  A  diagrammatic  sketch 
of  thi*  i-  -hewn  in  tijjf.  14-J.  It  c«>n>i>ts  of  a  telescope  7*7* mounted  on  a 
bar.  The  bar  is  fixed  to  a  table  capable  of  revolving  on  aeiivular  hori/.oiital 
>tand.  I  hi-  >tand  is  gnuliuitod  on  the  e«l^re  and  the  table  earries  a  vernier 
>o  t|i;it  we  can  read  a/iinilth  eliai 

the   aiiirlr    throii^li   which    \ve    tuni 

round  the  vertical  axis.    <  >\«T  the  centre 

of  the   table  hallos   the  magnet    //x.   >uji- 

'1    by   a    lonjjf   silk   fibn-.   free   from 

ii.     Tlii.H    niairiK-t    is    a  steel    tul.e 

maglieti>ed   alontf  its  length.     The  «-nd 

n-m-itr  lV"in  the  telescope  (n 

gla8S  -cale  ruled  vertically;  the  other 
end  |  i-  fitted  with  a  leli-,  the  local 
length  of  which  is  eipial  to  the  leii-th  of 
the  D  •  that  thf  ilna-r  "f  the 

acale  can  be  0een  by  the  tele>cop<-.    \<.w 

if  th-  brin^  the  ima^e  of  the 

middl-'  i«f  the  scale  <*n   the  rrosswires  i-f 
the     teleWOpe,     he     kno\\>     that     he    i* 
looking    alo,,-    the     ireometri. 
the   i  id   .-.in    find    the   a/imuth 
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by  reading  the  scale  and  vernier.  If  before  he  put  the  magnet  in  position 
lie  had  pointed  the  telescope  on  an  object  due  (geographical  North  and  had 
taken  the  scale  reading,  the  difference  between  the  two  readings  would 
give  the  declination,  provided  that  the  magnetic  axis  of  the  tube  coincided 
exactly  with  its  geometrical  axis.  In  artual  practice  this  condition  is  not 
quite  fulfilled.  To  correct  for  the  error  the  tul>e  is  turned  upside  down  and 
a  new  a/inmth  reading  is  taken.  The  mean  of  the  two  readings  gives  the 
true  direction  of  the  magnetic  axis  (Art.  156). 

159.  The  declination  varies  at  different  places  and  at 
different  times.     Thus  in  London  in  1580  the  declination  was 
about  11  degrees  E.,  and  in  1657  it  was  zero,  the  compass 
l>oiiitiiig  true  North.     After  this  date  it  gradually  rose  to  its 
greatest  value  of  24£  degrees  W.  in  1820,  when  it  began  to 
decrease  till  it  is  now  about  16  degrees  W. 

In  addition  to  this  secular  change  in  the  declination,  there 
are  regular  annual  and  diurnal  changes,  as  well  as  irregular 
variations  connected  with  solar  disturbances. 

1 6O.  Inclination.     A  compass  needle — like  a  weather 
cock — is  mounted  on  a  vertical  axis  and  can  only  point  in  a 
horizontal  direction.     It  does  not  shew  the  actual  direction 
of  the  earth's  magnetic  force,  any  more  than  a  weather  cock 
which  is  uninfluenced  by  an  ascending  or  descending  current, 
shews  the  actual  direction  of  a  breeze.     A  magnetic  needle, 
if  it  is  to  shew  the  true  direction  of  the  earth's  field,  ought  to 
be  mounted  at  its  centre  of  gravity  and  free  to  point  in  any 
direction.     A  very  rough  approach  to  this  mounting  may  be 
effected  by  taking  a  long  knitting  needle,  cutting  a  deep 
notch  in  the  middle  and  tying  it  up  by  a  single  fibre  of  silk. 
One  end  will  probably  be  heavier  than  the  other  :  balance  it 
by  adding  a  little  rider  of  cork  and  adjust  till  the  needle  is 
horizontal.     Now  magnetise  the  needle  and  hang  it  up  again. 
It  will  no  longer  be  horizontal  but  the  North  end  will  dip 
down  considerably.     The  angle  which  such  a  needle  would 
make  with  the  horizontal,  if  suspended  freely  at  its  centre 
of  gravity,  is  called  the  inclination  or  dip. 

Now  the  vertical  plane  passing  through  the  axis  of  the 
needle  is  the  plane  of  the  meridian :  it  follows  therefore  that 
to  find  the  angle  of  dip  it  is  not  necessary  for  the  needle  to 
be  quite  freely  suspended:  it  would  be  sufficient  if  it  were 
free  to  move  in  the  plane  of  the  meridian.  All  accurate  dip 
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instruments  have  this  freedom  only:  they  consist  of  a  mag- 
netised needle  mounted  on  an  axle.  When  placed  on  its 

hearing  tlii-  axle  must  he  horixontal  and  |>oint  Kast  and 
\\V-t  (i.e.  at  riirht  anirles  to  the  plane  of  the  meridian).  The 
needle  i^  then  free  to  swinir  in  the  meridian  and  to  point  in 
the  direction  of  the  earth's  field. 

161.  To   find   the   inclination   by   the   dip    circle. 
Level  the  instrument.     Turn  the  circle  about  a  vertical  a \i- 
until  the  needle  is  vertieal.      Its  plane  is  now  K.  and  \V.    Turn 
it  round  through  a  riirht   anirle  so  that   its  plane  may  he  N. 
and  S.     (Unless  the  instrument  is  a  delicate  one,  it  will  be 
U'tter  to  ohtain   the  plane  of  the  meridian  by  the  use  of  a 
eomp  I—        The  reading  mav  now  he  taken,  hut  it  is  liable  to 
three'  important  errors  : 

(1)  Crntre  error,  due  to  the  centre  of  the  needle  not 
heinu-  at  the  centre  of  the  graduated  circle.     Correct  for  this 
hx  reading  hoth  ends. 

(2)  The  man-net ie  axis  max  he  inclined  to  the  geometric 
alia     Correct  for  this  hy  turning  the  needle  over,  and  again 

read  Ix.th  ends.     (Cf.  Art.  1 :,«».) 

i.'h  (  V////T  nf  <jr<irit;i  //•/•///• :  One  end  of  the  needle  max 
In*  heavier  than  the  other.  <  'orrect  for  this  hv  i-e  ina-iictising 
in  the  opposite  direction. 

Hence  xvr  mu>t  (1)  read  hoth  ends,  ('2)  turn  the  needle 
over  and  read  hoth  ends,  dh  reverse  the  magnet i>m  and 
repeat  <  1  )  and  (2) 

Sheu    with   diagrams  how   the  ahove  methools  supply   the 

de-il'ed  con-ectioii-. 

162.  Isoclinic  and  Isogonic  lines.      A-  a  m neral  rule 
a    ma-iH-tic   needle   suspended   at    its  centre   of  mass   will,  at 
placo  North  of  the  equator,  dip  \\itli  the  N.  pole  do\\u.      The 
nearer  we  ^et  to  the  equator  the  more  nearlx   hori/ontal    \\ill 
the   magnet    he.       After  OTOttiQg    lo   tin-    -oiithern    hemisphere 
the   &,  pole  diji-  d(»un  and  the   N.  i-  tilted   up.      Koimlih.  the 
needle    hehaxe-   a>   if   the   earth>    tiel.l    were   due   to  a    -mall 
-tn.ni;    in;i-net    placed    at    the  centre   of  the   earth    \\ith   it-S. 
eli<l  }>ointili-   to\\ar«U  the  -o  called    North    I'ole.       The   a\i>    of 
thi>   ma-ih  I    \s«.iild  not    c<,ineide   \\ith   the  a\i-  of  rotation  nf 
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the  earth,  but  would  be  inclined  to  it  at  a  small  angle  and 
point  towards  Boothia  Felix.  To  account  for  the  secular 
changes  we  must  suppose  that  this  magnet  revolves  slowly 
round  once  in  960  years,  always  making  an  angle  of  about 
15  degrees  to  the  axis  of  the  earth. 

If  on  a  map  of  the  world  linos  are  drawn  joining  up  all  places  at  which 
the  dip  has  any  particular  value,  the  curves  so  obtained  are  called  isocliitic 
lines.  They  roughly  conform  to  the  lines  of  latitude. 

Lines  which  join  up  places  of  equal  declination  are  termed  isogonic. 
There  are  two  isogonic  lines  on  which  the  declination  is  zero.  One  of 
these  runs  in  a  large  oval  round  Japan  as  centre  ;  the  other  starting  from 
Boothia  Felix  runs  South-Easterly,  crosses  Brazil  and  passing  right  across 
the  Antarctic  cuts  off  a  corner  of  West  Australia  and  takes  a  North- West 
course  over  the  Indian  Ocean  and  Europe  up  into  the  Arctic  to  Boothia 
Felix  again. 

These  two  lines  of.  zero  declination  are  called  the  agonic  lines. 


EXAMPLES 

1.  How  could  you  determine  the  magnetic  axis  of  a  plate  of  steel  ? 

2.  A  compass  on  board  ship  is  affected  by  the  iron  on  the  ship.     How 
can  this  effect  be  decreased  and  allowed  for  ? 

3.  What  is  the  direction  of  the  lines  of  force  due  to  the  earth  at 
London  ?    What  experiments  would  you  do  to  find  it  ? 

4.  How  can  a  dip  needle  be  used  to  find  the  meridian  ? 

5.  What  would  be  the  behaviour  of  a  dip  needle  carried  along  a 
meridian  from  N.  to  S.  pole  ? 

6.  If  a  bar  of  soft  iron  were  freely  suspended  at  its  centre  of  mass, 
would  it  remain  at  rest  in  any  position? 

7.  A  long  soft  iron  rod  is  held  vertically  above  the  centre  of  (1)  a 
compass  needle,  (2)  a  dipping  needle.    Explain  what  effect,  if  any,  it  has 
on  the  needles. 

8.  In  what  positions  can  a  compass  be  placed  if  it  is  to  be  uninfluenced 
by  a  vertical  magnet  ? 

9.  A  tall  iron  mast  is  situated  a  little  in  front  of  the  compass  in  a 
wooden  ship.  Explain  the  nature  of  the  compass  error  when  the  ship  is 
sailing  in  an  easterly  direction  (1)  in  the  northern,  (2)  in  the  southern 
hemisphere. 
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10.  A   >mall  weight  is  attached  to  the  upper  end  of  a  dip  needle, 

whereby  the  inclination  of  the  needle  in  the  hori/.ontal  plane  is  diminished 
by  niif-half.  braw  :i  diagram  >he\\  iii'_r  the  directions  of  the  forces  which 
act  HIM. ii  the  needle,  and  state  the  conditions  «»f  equilibrium. 

11.  A  road  in  the  northern  hemisphere  runs  due  north  and  south.     At 
OIK-  point  an  insulated  conductor  passes  beneath  it,  in  which  an  electric 
current  tl«.\\>  from  east  t<»  west.     How  will  the  indications  of  a  dip  needle 
be  affected  at  p«>int>  near  to  the  conductor? 

12.  In  adjust in-,r  a  dip-circle  the  vertical  circle  is  tunied  through  an 
an-Ic  which  differs  from  a  right  angle  by  an  angle  6  owing  to  an  error  in 
the  graduations  of  the  horizontal  circle.     I'mve  that  the  angle  of  dip  a> 
found  from  thi>  instrument  is  tan    '   tan  8  sec  6  \  where  ft  is  the  true  an-lc 

of  dip. 
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QUANTITATIVE   MAGNETISM 

163.  The   two   poles    of  a   magnet   are   of    equal 
strength.     That  this  is  approximately  true  may  be  seen  by 
the  general  symmetry  of  the  lines  of  force  due  to  a  magnet, 
or  even  by  the  fact  that  a  piece  of  watch  spring  bent  into 
a  circle  after  magnetisation  has  practically  no  influence  on  a 
compass  needle.     More  exact  proof  is  given  by  the  facts  that 

(1)  When  a  magnet  is  floated  in  a  large  vessel  of  water,  it 
turns  towards  the  North,  but  it  has  no  tendency  to  travel  in 
this  or  in  any  other  direction.     This  shews  that  the  forces 
which  act  on  its  poles  must  be  equal  and  opposite.     The  field 
in  which  the  magnet  lies  is  uniform  :  it  follows  therefore  that 
the  poles  must  be  of  equal  strengths  and  of  opposite  sense. 

(2)  The  weight  of  a  bar  of  iron  is  the  same  whether  it  is 
magnetised  or  not. 

164.  Action  of  a  magnet  on  a  single  pole.     From 
the  law  of  inverse  squares  (Art.  3)  we  can  deduce  the  action 
of  a  magnet  on  a  magnetic  pole  when  the  two  are  placed  in 
any  positions.     Two  positions  are   very  important;  one   in 
which  the  pole  is  in  the  same  straight  line  with  the  magnet, 
and  the  other  in  which  the  pole  lies  in  a  line  which  bisects 
the  magnet  at  right  angles. 

(1)  In  the  first  case  suppose  N  and  S  are  the  poles  of  the 
magnet,  0  the  middle  point  of  NS,  and  P  the  position  of  the 
magnetic  pole.  Then  NOSP  will  be  a  straight  line. 

Let  OP  =  d,  N      o      s  P 

Fig.i4S. 


Magnet  and  Pole 

Then,  if  it  be  the  strength  of  either  polo  of  the  magnet  and 
///  that  of  the  polo  P, 

the  force  on  P  due  to  S  =»  /,/     /\2 » 

I  i    A      .    A 

the  force  on  P  due  to  N- 


The>e  fnrco  are  in  opposite  directions,  and  their  resultant 
will  therefore  be  measured  by  their  difference. 
Hence  the  force  duo  to  magnet 


/////  mn 


4mnld 

~~  (d*-l*? 

\mnld  .. 

—  —  .4     if  wo  neglect  f 

J///M        __ 
=     ,,     if  M«2m. 
a* 

We  shall  make  a  vcrv  -mall  mistake  in  neglecting  I9  if  /  is 
Miiall  oninparod  with  (/,  i.e.,  if  the  magnet  is  short. 

Tlm>  the  force  exerted  by  a  magnet  on  a  magnetic  pole  in 
thi-  pn-itinii  i-  proportional  to  the  cube  of  the  distance. 

The  (jiiantity  M,  which  is  o^ual  to  the  product  of  the 
-trciiirth  and  the  distance  between  the  poles,  is  called  the 
moment  <>f  the  ma-net. 

The  ratio  of  the  moment  to  the  volume  i-  called  the 
intensity  of  magnetisation. 

N.  p 

d 

Fig.  144. 
In  thi>  ease,  \i/.  \\heii  OP  bisects NS at  riirh 

...  .. 

the  foive  due  to  X  on  /'  =  . 

the  force  due  to  Noil   /' =      ^.,        ^.jt 
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By  the  paralk'loirram  of  forces  we  find  that  the  resultant 
of  these  forces  is  perpendicular  to  OP,  and 

2mn 


2mn    ON 
NP*  '  NP 


Hm 


~OP»' 

if  N8  is  so  short  that  jVP3  and  OP3  may  be  considered  equal, 

_Mm 
:   d*  ' 

165.  Couple  acting  on  a  magnet  in  a  uniform  field. 
Suppose  a  magnet,  of  a  pole  strength 

m,  and  length  /,  is  placed  in  a  uniform 
field  of  strength  H  and  inclined  to  it 
at  an  angle  6. 

Then  the  force  acting  on  each  pole 
will  be  Hm. 

The  distance  between  the  lines  of 
action  of  these  forces  is  /  sin  0. 

Hence  the  moment  of  the  couple 
acting  on  the  magnet 

=  Kml  sin  6  =  HM  sin  6, 
where  M  is  the  moment  of  the  magnet. 

Hence  the  moment  of  a  magnet  is 
measured  by  the  moment  of  the  couple 

exerted  on  it  when  placed  in  and  at  right  angles  to  a  field  of 
unit  strength. 

166.  Deflexion  of  a  compass  by  a  magnet.     Suppose 
a  magnet  pointing  East  and  West  is  due  West  of  a  point  P 
in  the  earth's  field.     Then  the  resultant  horizontal  field  at  P 
is  due  to  the  two  components  : 

(1)   the  force  due  to  the  earth  :  this  is  due  North  and  is 
indicated  by  H. 


Hm 


Fig  145 
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c2)     the    force   due    to    tin*    mairnet.       It'  the   magnet  is 

ojyj 

short  compared  \vitli  its  distance  from  P,  this  force  i>  ~      . 

(Art.  Kil.> 

H 


2M 

i— »> 


Fig. 


If  this   resultant  makes  an   an^le  A  with  the  meridian, 
then  (Art  8) 

2M/__  M     d\ 

-jg-/H  =  tanA,  or  — :  =  —  tan  A, 

but  the  direction  of  this  resultant  is  the  direction  in  which  a 
-mall  compass  needle  situated  at  />  would  point.  Hence  the 
deflexion  of  a  compass  needle  from  the  meridian  by  a  magnet 
placed  ••/////  t,n"  to  it  is  <riven  by  the  above  equation. 

If  the  ma-net,  still  pointing  East  and  West,  had  been 
placed  a  distance  rf  due  North  or  South  of  the  centre  of  the 

M 

compass,  it  would  have  exerted  a  force     ...  and   the  deflexion 

B  produced  would  have  been  iriven  by  the  relation 

</    tanB. 

Tin-  position  is  known  as  ••  hmmlside  on." 

An  instrument  used  to  invest i-ate  the  deflexion  of  one 
ma-net  b\  another  is  called  a  magnetometer.  For  exact 
work  the  deflected  magnet  is  u-uall\  ver\  -mall  and -impended 
as  in  a  mirror  galvanometer.  A  -impler  in>ti-ument  often 
used  eon>i-t-  of  a  -mall  compa—  mounted  at  the  centre  of  a 
graduated  card.  The  deflexion  of  the  needle  is  read  b\  a 
Ion-  pointer  fixed  to  it.  T\\o  arm-,  each  about  half  a  metre 
loiitf,  are  attached  to  the  c<.mpa—  box. 

167.     The   Magnetometer.      Place   the   magnetometer 

with  the  arms  !•].  and  \\  ..  u  ith  the  pointer  at  the  /.ero.  Place 
the  ma-net  "  end  on  "  on  the  I-],  arm  and  note  the  reading  at 
cadi  end  of  the  pointer. 
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Calculate  the  distance  (d)  between  the  centres  from  read- 
ings obtained  by  measuring  to  each  end  of  the  magnet  from 
the  centre  of  the  scale. 

Now  reverse  the  magnet,  keeping  the  centre  in  the  same 
position.  Again  read  the  deflexion. 

Place  the  magnet  on  the  W.  arm,  at  the  same  distance 
from  the  centre  as  before  and  so  obtain  another  set  of  results. 
You  will  thus  obtain  eight  readings  of  the  deflexion.  Calcu- 
late their  mean  (A). 

Take  several  further  readings  for  different  distances. 

Tabulate  the  results  and  plot  a  curve  connecting  the  cube 
of  the  distance  (ordinate)  with  the  cotangent  of  the  deflexion 
(abscissa). 

If  the  relation  —  =  —  tan  A  were  exactly  true,  we  should 

xi.        _ 

get  a  straight  line  as  the  result  :  the  variation  shews  to  what 
extent  the  inverse  cube  law  is  actually  followed. 

Repeat  the  experiment  in  the  "  broadside-on  "  position. 

Plot  both  curves  on  the  same  sheet.  Shew  that  for  the 
same  deflexion  the  cube  of  the  distance  in  one  case  is  double 
that  in  the  other. 

168.  Gauss's  proof  of  the  law  of  the  inverse  square. 
The  preceding  experiment  verifies  the  conclusion  of  Art.  164, 
that  the  deflecting  couple  exerted  by  a  magnet  placed 
"end  on"  to  another  is  twice  as  great  as  when  it  is  "  broad- 
side on." 

Gauss  shewed  that  this  con-  N  O  S 
stitutes  a  proof  of  the  law  of  the 
inverse  square;  for  let  us  sup- 
pose that  the  force  between  two 
magnetic  poles  varies  inversely 
as  the  pth  power  of  the  distance. 

Consider  the  intensity  of  the 
field   due  to  a  short  magnet, 


,  centre  O,  at  distant  points  *  o 

C  and  D:  C  being  in  the  line  Fi*-  147- 

NS,  and  DO  perpendicular  to  it. 

Let   OC=OD  =  d,    NS  =  21,  strength  of  pole  -  m,  -  m, 
<2lm  =  M. 
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(1)    Force  at  C 


m         m  1  1      )      p .  M 

"  NC* ""  m  \(d  -  ly     (d  +  A»i  :s  rf^" 


<L>)    Force  at  D 

v 


From  these  results  we  see  that  if  a  small  magnet  is  placed 
on"  to  a  small  compass  needle  it  would  exercise  a 
deflecting  couple  1>  times  as  great  as  it  would  if  placed  "broad- 
>ide  on." 

To  find  the  value  of  y>. 

Place  the  magnet.  pointing  K.  and  \V.,  a  considerable  distance,  rf,  due  E. 
of  a  small  compass.  The  latter  must  be  so  arranged  that  its  deflexion  (A) 
may  be  read  by  means  of  a  beam  <>f  light  reflet-ted  from  a  mirror  attached 
to  it. 

the  results  obtained  above  we  must  have 


(•lace  the  inuiriiet  due  >.  of  tlie  compiles,  and  again  find  the  deflexion 
(B).     We  >hall  get 

Jfi-HtanB. 

The  ratio  of  these  two  tangents  gives  the  value  of/;. 

Wlu-n   r\iH'Hmenr  •  .-fully    made   in    this   way    the    value  of  the 

ratio  i>  found  to  be  exactly  -J.     Ilenee  the  la\\   «>f  the  inverse  tquare  is 
rimeiitally  proved. 

We  deduce  from  the  results    1    and    _'   almve  that  if  a  magnet  i>  place.  1 
in  fitlnT  ••!'  the  u>ual  po>itions  on  a  magnet.  .niet«T.  then  the  tangent  of  the 
dctlcxion  i>  inversely  ]»ropi>rtioual  {»  tlie  (p-f  l)th   power  of  the  -li-i 
By  actual   cxjMTinicnt   \\i-    tin.l   that   it   varies  as  the  inverse   cul*';  hence 
p+\  -    ::.  and  a-  l-efore  We  get  the  \alur  -J  f«>r  /'. 

169.  Comparison  of  magnetic  moments  of  two 
magnets. 

Method  i  1  i. 

I'liirr  tin-  iiiM-nrlMineter  Nsitll  tlie  ai'lii-  I'iast  ;»!ld  \YcM 
\vith  tin-  pointer  at  /ero.  Thicc  mn-  of  the  m:iLMi<-t-  "ii  an 
arm  of  the  magnetometer  nrar  enoimh  to  the  needle  to  cause 
a  con-i(|rr;il)lr  deflexion. 

re  tlii-  deflexion  and  the  di-tancr  a-  in  Art.  HJ7. 
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Repeat  the  experiment  with  the  other  magnet,  placing 
it  in  the  same  position  as  the  first,  and  again  read  the 
deflexion. 

Com]  MI  re  the  moments  of  the  magnets  by  means  of  the 
relation  of  Art  167- 

Take  other  readings  by  varying  the  distances  of  the 
magnets  from  the  centre. 

Method  (2).     "  No  deflexion  "  method. 

Place  the  two  magnets  one  on  each  arm  of  the  magneto- 
meter, and  so  arrange  their  distances  that  the  needle  may  not 
be  deflected.  In  this  case  the  moments  will  be  proportional 
to  the  cubes  of  the  distances  of  the  centres  from  the  needle. 

Verify  by  this  means  the  result  of  your  first  experiment. 

17O.  Time  of  oscillation  of  a  magnet.  When  a 
magnet  is  suspended  with  its  axis  horizontal  so  that  it  can 
turn  freely  about  a  vertical  axis,  it  will  oscillate  from  side  to 
side  if  disturbed  from  its  position  of  rest.  The  time  of 
oscillation  depends  upon 

(1)  the  horizontal  component  of  the  field  (H), 

(2)  the  moment  of  the  magnet  (M), 

(3)  the  moment  of  inertia  of  the  magnet  about  the  axis  of 
suspension  (K).     This  can  be  determined  from  a  knowledge 
of  the  shape,  size,  and  mass  of  the  magnet.     For  an  ordinary 
bar  magnet 


where  I  =  length,  b  =  breadth  (horizontal),  and  m  =  mass. 

The  time  of  oscillation  is  independent  of  the  amplitude 
provided  that  this  is  small  and  is  given  by  the  relation 

~K~ 


~"     V  MH 
From  this  result  it  follows  that 

(1)  with  the  same  magnet  the  strength  of  the  field  in 
which  it  swings  is  proportional  to  the  square  of  the  number 
of  oscillations  per  minute.  This  gives  an  experimental  method 
of  comparing  the  strengths  of  different  fields. 
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with   ma-rnets  of  the   same-  mass  and  dimen>iou>  the 

magnetic  moments  are  proportional    to    the    square    of  the 

number    of   swings    per    minute    when    the\    oscillate    in  the 
-nine    field. 

171.  Comparison    of   magnetic    moments    by   the 
method  of  oscillation.     You  require  two  magnet-  of  >ame 
shape  and  mass,  hell  jar,  silk,  watch. 

Take  one  of  the  magnets  and  support  it  in  a  paper  >tirrnp. 
This  is  to  be  hung  up  by  a  fihre  of  silk  tied  to  a  piece  of  \v in- 
laid across  the  top  of  the  bell  jar.  The  man-net  must  be 
evenly  balanced  so  that  it  can  swing  freely  in  a  hori/ontal 
plane 

IMaee  a  >mall  mark  on  the  ija>s  ojipn>ite  one  end  of  the 
magnet  when  at  rest.  Now  let  the  magnet  oscillate  through 
a  xmalf  angle.  Find  the  time  required  for  (say) -Jo  swings. 
beuinninu  to  count  as  the  magnet  passes  through  the  equili- 
hrium  position.  Deduce  the  time  for  one  oscillation 
Find  in  ;t  similar  way  the  time  for  the  second  magnet  (£9). 
Apply  the  result  of  Art.  17n.  and  so  compare  the  moment •»  of 
the  magnets. 

172.  To  find  M  and  H.     The  re>nlt>  of  Art>.  Hill.  170 
enable    us    to  calculate   the   moment    of  the   magnet    and   the 
^trenirth  of  the  earth's  field. 

For  suppose  we  have  a  ma-net  and  place  it  due  WcM  of 
and  "end  on"  to  a  compass:  the  deflexion  it  produce^  i> 
-ivcn  hy  the  relation 

': 


If  the  ma-net    i-   -u-pended   as    in    Art.    171.    it>    time  of 
-i\en  h\   the  relation 

/~K~ 

7  \   MH' 

K 


La  MH 


If  ire  multipl\  (  1  i  and  (2)  NN  e  -rt  an  c\|»re»ioii  for  M-. 

If  \\e  di\ide  (a)  l»\  ( i »  we  get  an  expression  for  H  . 

To  ohtain  r<-iilt>  \\hich  arc  rea>«»nahl\  correct  considerable 
care    mu^t    h<     taken.      Smnc    form    of  mirror 
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will  probably  l)e  necessary,  for  with  the  ordinary  form  of 
instrument  the  magnet  has  to  come  close  to  the  compass 
needle  to  produce  a  deflexion  large  enough  to  be  read  with 
accuracy.  When  this  is  the  case,  the  formula  (1)  ceases  to 
be  true. 

173.  Determination  of  the  earth's  field  at  any 
place.  For  a  complete  knowledge  of  the  earth's  field  at  any 
place  we  require  to  know 

(a)  its  direction ; 

(b)  its  intensity. 

(a)  The  direction  of  the  field  is  generally  given  in  terms 
of  the  dip  and  the  declination.     The  former  is  determined  by 
the  dip  needle  as  in  Art.  161  and  the  latter  by  the  declination 
compass. 

(b)  Let  I  denote  the  total  intensity  of  the  earth's  field. 
Resolve  this  into  two   components,  one  horizontal,  H,  the 
other  vertical,  V. 

Hence  if  S  is  the  angle  of  dip  we  must  have 

H  =  IcosS,     V  =  IsinS. 

These  quantities  vary  from  place  to  place  on  the  earth's 
surface. 

In  London  the  values  are  approximately 

I  =-47  dyne,     H= -185  dyne,     V  = '44  dyne,     8=68°. 


EXAMPLES 

1.  The  repulsion  between  two  exactly  similar  poles  is  81  dynes.     If 
they  are  4  cm.  apart,  what  is  the  strength  of  each  ? 

2.  What  is  the  force  between  two  poles  of  100  and  250  placed  one 
metre  apart? 

3.  The  force  between  two  poles  placed  10  cm.  apart  is  equal  to  the 
weight  of  1  grm.     What  will  be  the  force  between  them  when  they  are 
placed  (1)  3  cm.  nearer  together,  (2)  4  cm.  further  apart? 

4.  A  north  pole,  strength  75,  and  a  south  pole  of  strength  125,  are 
placed  half  a  metre  apart.     At  what  point  might  a  pole  be  placed  not  to 
be  influenced  by  them  ?  What  will  be  the  strength  of  field  half-way  between 
them? 
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5.  If  tw..  magnetised  needles  were  suspended  vertically,  could  they 
form  an  a.-tatic  pair  .' 

6.  A  knitting  needle  balances  at  the  centre  when  unmagnetised,  but 
two  millimetres  from  the  centre  when  magnetised.     Its  length  is  2.3  cm.. 
it-  uei-ht  -J  gnu..  and  F=0'44  gauss.     Find  the  pole  strength. 


7.  A   uniformly  magnetised  magnet  10  cm.  long  and  4  sq.  cm. 

has   a    moment    «»f    1000  c.G.s.  units.     Calculate  the  strength   <>f 
either  pole,  and  the  intensity  of  magnetisation  of  the  steel 

8.  Two  ma-nets.  each  of  jM.le  strength  ."»o  and  weighi  ng  4(t  -rm.,  are 
placed  parallel  to  one  another  and   one  cm.  apart,  the  one  lying  on  the 
table.  the  other  suspended    from  the  underside  of  the  pan  of  a  halancc. 
\Vhat  will  IK.'  the  apparent  weight  of  the  suspended   maiM 

9.  A  hoi-j  /on  tally  suspended  magnetic  needle  makes  \:\  vibrations  per 
minute  when  im  magnets  are  near.     When  a  liar  magnet  i>  placed  north  of 
the  needle  with  it>  axi>  in  the  magnetic  meridian  and  its  \.  pole  towards 
the  needle,  the  latter  makes  7  vibrations  per  minute.      Mow  many  will  it 
make  when  the  l»ar  is  similarly  placed  at  the  same  distance  BOdU]  of  the 
needle.  it>  Y  pole  being  again  directed  towards  the  needle? 

10.  Calculate  the  magnetic  force  ;»t  a  point  on  the  axis  of  a  liar  magnet 
at   100cm.  distance  from  the  centre  of  the  magnet,  the  strength  of  each 
pole  bein-   KM)  and  the  length  of  the  magnet   being  4  cm. 

11.  The  magnetic  force,  due  to  a  magnet  of  length    10  cm.  at  a  \*m\t 
10  em.  from  it>  centre  in  the  prolongation  of  its  axis.  i>  calculated  "ii  the 
assumption  that  this  force  varic-  inver-ely  as  the  eiil.e  of  the  di>tance  from 

utre.      Find  the  error        thereby  introduced. 

12.  ABCD  is  a  square,  length  of  .-ide  !•_'  em.     At  the  centre  are  two 
small   magnet  ».  each   of  moment   S,  placed  one  alon-   each   diaLT'-nal.      What 
will  Ke  the  intensity  at  ./  and  at  the  middle  point  of  AB1 


13.  A   -ii-i'.'nded   ma-net.  Iree  to  turn  about  a  vertieal  axis,  makes   Id 
oxcillar  ionx  ]„•!•  minute  at  a   place  where  the  hori/.oiital  component  of  the 
rarth-   ma-in  -tic  foree  i-  1  1  I  s  dy  ne  ]  iei"  unit  pole.      At  aimt  her  place  \\  here 

ir_rl<-   of  dip   i.x    \'>     the    mairnet    make-    !•_'  o>eillatioiiN    per   minute. 
<'aleulat«-   t  lie  \  alu«-  of  t  In-   i-.irfh-   total    magnetic   force  at   thi-   latter   j'lac.v 

14.  A    liia-li.'t    •_'  •  in.    IMH-    \\itli    p,.|«->  of  •_'(»  nnit>    j>    placed   in    a  Held  of 

inteiixjtx  •_'  pMM,  making  an  angle  of  :;<»    \\ith  the  line-  of  f,,),.-      Find  the 
couple  tending'  t"  turn  it. 

15.  A   -mall  compa-   n.-rdle  i-  ol.scrved   t«.  l.c  in  neutral  e(|uilihrium 
when    laid    on    a   tal>i<  '.nice   of  -JO  cm.   due    north     magnetic     of  the 
-outh  poll-  on   i  bar  magnc    Ixinir  "ii  the  tal.le  \\ith  it-  a\i-  in  the  ma- 
meridian.      If  the   hori/oiital   component   of  the  earth-  field   i-  O|MI,    ,..v 
and    the     ,|i>talice    between    the    poles    of    the    ma-net     I-     In  em.,     find    the 

magnetic  moment  <*f  th«    ma 
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16.  Two  short  bar  magnets  are  placed  with  their  axes  east  and  west, 
and  their  centres  at  distances  of  ir>  and  -Jo  em.  respectively  east  and  west 
of  a  small  compass  needle.     If  the  needle  shews  no  deflexion,  find  the  ratio 
of  the  moments  of  the  magnets,  and  explain  the  principle  of  the  experi- 
ment. 

17.  Two  short  bar  magnets,  the  moments  of  which  are  108  and  192 
respectively,  are  placed  along  two  lines  drawn  on  the  table  at  right  angles 
to  each  other.     Find  the  intensity  of  the  magnetic  field  due  to  the  two 
magnets  at  the  point  of  intersection  of  the  lines,  the  centres  of  the  magnets 
being  respectively  30  and  40cm.  from  this  point. 

18.  A  magnet  of  moment  75  pointing  E.  and  W.  is  placed  15cm.  due 
S.  of  a  compass  needle.     What  is  the  deflexion  produced  if  the  horizontal 
component  of  the  earth's  field  is  0'25  ? 

19.  At  Kew  #=0-18,  and  in  Iceland  #=0'12.     If  a  magnet  placed  on 
a  magnetometer  produces  a  deflexion  of  30°  at  Kew,  what  deflexion  will  it 
produce  if  placed  in  the  same  position  in  Iceland  ? 

20.  Two  magnets  are  placed  in  position  "A"  on  the  magnetometer 
and  produce  no  deflexion.     If  their  distances  from  the  centre  are  25  cm. 
and  35  cm.,  compare  their  moments. 

21.  A  magnet  of  moment  250  is  placed  75  cm.  "  end  on  "  and  due  west 
of  a  small  compass  needle.     A  second  magnet  of  moment  175  is  placed  due 
S.  of  this  compass.     How  far  off  must  it  be  that  the  needle  may  not  be 
deflected  { 

22.  Two  small  magnets  of  moment  M  form  a  T  of  which  the  horizontal 
arm  lies  E.  and  W.     Find  the  force  exerted  on  a  pole  of  strength  m  placed 
at  a  distance  d  due  south. 

23.  Being  given  a  compass  needle  and  a  bar  magnet,  shew  how  you 
would  determine  the  moment  of  the  magnet  assuming  H  to  be  0'18. 

24.  A  small  magnet  is  placed  parallel  to  and  due  west  of  a  compass 
needle  one  metre  away  from  it,  and  the  time  of  oscillation  of  the  needle  is 
decreased  from  2'5  seconds  to  1'25  seconds.     What  is  the  moment  of  the 
magnet  1    What  difference  would  there  have  been  if  the  magnet  had  been 
(1)  reversed,  (2)  placed  due  8.  ?    (H=&2.) 

25.  A  magnet  2cm.  long,  with  poles  of  20  C.G.S.  units  strength,  is 
placed  in  a  magnetic  field  of  intensity  0'2  C.G.S.  units,  making  an  angle  of 
30°  with  the  lines  of  force.     Find  the  couple  tending  to  turn  it. 

26.  What  is  the  intensity  of  field  at  a  point  12  cm.  from  the  centre  of 
a  small  magnet  of  moment  172'8,  the  point  being  in  line  with  the  axis  of  the 
magnet  ^     If  a  compass  oscillate  126  times  in  three  minutes  at  this  point, 
what  would  be  its  time  of  oscillation  if  it  were  brought  up  to  a  distance 
of  6  cm.  i. 


Examples  1 7.~> 

27.  A   >\\<>n   bar  magnet  is  placed,  at  Gibraltar,  ]H.'ri>cndicular  to  the 
magnetic  meridian,  ami  "end  on"  towards  a  compass  needle  from  which  it 
i>  distant    100  em.     When  the  e.\i>erimeiit  i>  re) touted  at  Portsmouth  the 
magnet    has   t«>   l»e   plaeeJ  at  a  distanre  of   llOc-in.  from   tin-  compass  to 
In-iMlmv  the  >ame  tletlexion   of  the   lircdk-.      (  '..iiij.ai'c  tho  liori/olital    ' 

of  the  earth  >  iiia-iieti.-iii  at  (JiKi'altar  ami    Portsmouth. 

28.  In  an  e\j>erinient  to  timl  M  ami  H  after  the  nu-thod  of  Art.   17'-'. 
a  magnet  of  eireular  seetion    diameter  =  n  s  mi.  ,  mass  24'46  gnu.,  length 
•  icin..  I'liM-.d  "end  on"  to  a  »-oinjia».  |»roilueed  a  delleetion  of  10°  58'  when 
the  eeiitre-   \\vre    •_':{  em.    apart.      When    freely   suspended  the   period   of 
complete  oseillation  was  found  to  be  9'04  seconds.     Find  the  moment  of 
the  mairnet  and  tlie  strength  of  the  field. 


29.  A  hollow  magnetised  steel  tube  oscillates  in  the  earth>  Held. 
(H*'IQ).  Its  period  is  18  seconds  :  l»ut  when  a  rod  of  brass,  the  moment 
of  inertia  of  which  is  7000  gm.  cm.-,  is  inserted  symmetrically  in  the  hollo\\. 
the  i>eriod  becomes  40  seconds.  Find  the  magnetic  moment  and  the 
moment  of  inertia  of  the  mairnet. 


CHAPTER  XIX 

PERMEABILITY   AND   HYSTERESIS 

174.  The  magnetising  effect  of  solenoid.  A  piece 
of  iron  placed  in  the  centre  of  a  helix  of  wire  along  which  a 
current  flows  becomes  magnetised.  We  are  going  to  find 
out  how  the  magnetisation  depends  on  the  strength  of  the 
current ;  whether  the  one  is  or  is  not  proportional  to  the 
other. 

Take  a  glass  tube — about  30  cm.  long  and  \  cm.  diameter — 
and  coil  round  it  evenly  a  helix  of  insulated  copper  wire. 

Fix  this  with  its  axis  E.  and  W.  in  a  horizontal  position 
"  end  on  "  to  a  magnetometer  (M ).  The  helix  is  to  be  joined 
up  to  a  battery  through  an  ammeter  (G)  (or  galvanometer), 
and  a  rheostat  (K) ;  the  object  of  the  latter  is,  of  course,  to 
enable  us  to  vary  the  current  as  we  wish. 


Fig.  148. 

In  addition  to  these  it  will  be  well  to  insert  in  the  circuit 
a  small  compensating  coil.  This  is  shewn  at  C.  It  must  be 
<  >f  such  a  size  and  placed  in  such  a  position  that  its  effect  on 
the  compass  needle  of  the  magnetometer  exactly  neutralises 
the  effect  of  the  main  helix  (8)  when  any  current  passes 
through  both  of  these  in  series,  and  there  is  no  iron  in  either. 
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Insert  in  the  tube  a  core  of  iron.  Adjust  the  rheostat  to 
a  verx  >mall  current  and  notice  the  deflection  (6)  pro- 
dm  -I'd.  Increase  the  current  gradually  till  the  maximum  is 
reached 

Be  careful  that  the  iron  is  not  shaken  in  any  xvay  during 
the  experiment. 

Fill  up  a  table 

Current 


Plot  a  curve  to  connect  the  first  and  last  columns. 

We  know   from  Art   164  that  the  force  due  to  a  small 

magnet  at  a  point  on  its  axis  is  -p-  and  that  the  deflection 
produced    in    a   compass   needle  is  given  by  the   relation 


1  1  cnce  tan  6  is  proportional  to  the  moment  of  the  magnet 
and  therefore  to  the  intensity  of  its  magnetisation. 

The  curve  plotted  shews  the  relation  between  the  magnetic 
force  and  the  intensity  of  magnetisation. 

If  a  >olciioid  i>  very  Ion<r  in  comparison  with  its  diameter 
it  can  be  shewn  that  (H)  the  force  on  unit  pole  placed 
itni/u'lure  inside  it  is  always  the  same  and  equal  to  ITT/// 
\\hrrc  /'  i-  the  current  strength  and  it  the  number  of  turns 
per  centimetre  <  r.  Art  139), 

H=-l7T7//. 

NOXN  if  the  helix  -nrroimd>  a  bar  of  iron  it  becomes 
necessary  to  imagine  that  some  sort  of  hole  is  cut  in  the  iron 
if  we  are  to  place  a  unit  pole  there  :  >uppo>e  the  iron  cut 
-traidit  acro>v  and  the  pole  in-erled  in  the  narrou  uap  hQ 
caused.  Kach  piece  i^  a  magnet  and  it  max  be  pmxcd  that 
if  the  inteii-ilx  ».f  ma-net  i-a!  ion  i-  I.  then  the  ma-iielic  !<>iv< 
e\ert<-d  at  a  point  in  the  -ap  bx  the  t  \\  o  t<»::ellicr  i-  ITT!. 
Art.  22L) 

The  total  foi-ee  on  unit  pole  IB  therefore  H  4  i-i.  x\here 

H  i>  the  tbree  that    \\ould   be  .   \.  rl.  -.|   uei'e  no  ir<.n  proent. 
Thi-   foi-rr   i-  called   the   IIHHJIH  ti<-  ////////•//. 

\\  .  1  L' 


178 


Permeability  and  Hysteresis 


The  ratio  of  the  intensity  of  magnetisation  (I)  to  the 
magnetic  force  (H)  is  called  the  magnetic  susceptibility  and 
is  usually  denoted  by  /•. 

I  =  7,-H. 

As  is  easily  seen  from  the  curve  plotted  in  fig.  149,  I  is 
not  proportional  to  H,  i.e.,  k  is  not  a  constant. 
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Fig.  149. 

The  ratio  of  the  magnetic  induction,  usually  denoted  by 
B,  to  the  magnetic  force  is  called  the  permeability,  /* ;  hence 

BTT      I       4 T  T.T       i       A 7*"U 

±1  T  47TA         XX  T  47T/lin.         _  7 

fjL=  —  = ^j—    = ir-   -    =1  +  47T&. 

XX  XI  XI 

It  is  only  in  iron  that  the  magnetic  susceptibility  is  great,  in 
nickel  and  cobalt  it  is  appreciable ;  in  most  other  substances 
it  is  negligible.  Hence  the  permeability  of  all  materials 
except  iron,  nickel  and  cobalt  is  very  nearly  one. 

175.  Hysteresis.  Use  exactly  the  same  core  of  iron 
and  the  same  apparatus  as  in  Art.  174.  Be  very  careful  to  see 
that  the  iron  suffers  no  shock  throughout  the  experiment. 

When  the  current  in  the  solenoid  has  reached  its  maximum 
begin  to  decrease  it  gradually  by  increasing  the  resistance  in 


Hysteresis  Curve 
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the  rhe<»tut.  Xote  the  values  of  the  current  and  the  corre- 
sponding values  of  the  deflection  (0).  When  the  current  has 
fallen  very  low  break  the  circuit,  read  the  deflection  and  then 
reverse  the  battery  connections.  Let  the  current  in  the  new 
direction  he  increased  at  first  very  gradually  indeed  and 
afterwards  rather  more  rapidly  until  the  maximum  current  is 
airain  readied.  Then,  as  before,  decrease  this  to  the  zero 
value  and  increase  it  a.irain  after  a  second  reversal  (i.e.  to  the 
original  direction)  till  it  reaches  the  maximum  again.  The 
operation  has  now  been  carried  through  a  complete  cycle. 
Knter  results  in  columns  as  before. 

The  diagram  shewn  in  fig.  150  is  plotted  from  readings 
taken  in  this  way,  though  the  first  rise,  shewn  in  fig.  149,  is 
omitted.  Note  the  following  points: 


Fig.  160. 
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Permeability  and  Hysteresis 


(1)  when  the  current  is  very  small  and  the  iron  not 
previously  magnetised  the  magnetisation  (which  is  propor- 
tional to  tan0)  increases  nearly  at  the  same  rate  as  the 
current     This  is  shewn  by  the  part  OA  of  the  curve,  fig.  149. 

(2)  as  the  current  increases,  the  magnetisation  begins  to 
increase  very  rapidly  (A  to  B)  and  then 

(3)  ceases  to  increase  and  becomes  constant  at  C.     In 
this  state  the  iron  is  "  saturated "  (fig.  150). 

(4)  as  the  current  decreases  the  magnetisation  decreases 
also,  but  its  value  is  always  greater  than  that  corresponding 
to  the  increasing  current. 

(5)  when  the  current  is  zero  the  iron  is  still  magnetised 
(E).  ' 

(6)  when  the  current  reverses,  the  iron  at  first  is  still 
magnetised  in  the  old  direction  (E  to  F\  but  the  intensity 
falls  rapidly,  reverses  at  F  and  gradually  reaches  a  value  near 
the  maximum  at  G.    The  complete  cycle  gives  rise  to  a  closed 
curve  CDEFGLC.    The  "softer"  the  iron  the  less  will  be 
the  area  of  this  curve  and  the  nearer  the  points  F  and  L  will 
be  to  0.     It  can  be  shewn  (Art.  176)  that  the  area  of  this 
curve  nearly  represents  the  work  done  on  the  iron  in  carrying 
it  through  the  magnetic  cycle.     It  is  very  important  that  for 
the  iron  used  in  the  armature  of  an  electric  motor  or  dynamo 
this  work  should  be  small.     Cf.  Art.  134. 

The  "lagging  behind"  of  the  magnetism  relative  to  this 
magnetising  force  is  called  hysteresis. 

176.  Work  done  in  a  magnetic  cycle.  Suppose  a  bar 
A  A'  of  soft  iron  is  placed  in  a  uniform  magnetic  field  of  strength  G:  that 
originally  it  is  at  right  angles  to  the 
lines  of  force  but  is  turned  about  an 
axis  0  at  right  angles  both  to  it  and 
to  these  lines  till  it  has  swept  out  a 
complete  circle.  At  any  time  let 
A  A'  make  an  angle  B  with  the  initial 
position  CO'.  The  component  of  the 
field  in  the  direction  OA  =  G  sin  6. 
This  is  the  magnetising  force,  usually 
denoted  by  H.  If  k  is  the  suscepti- 
bility, o  the  volume  of  the  iron,  I  the 
intensity  of  magnetisation  and  M 
the  magnetic  moment  in  this  position, 
then 

and  M  = 
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The  couple  acting  on  the  magnetised  iron  due  to  the  field  G  is  equal 
to  MGcosl  (Art.   165).     Hence  the  work  done  in  a  rotation  through 

a  further  auirle  </H  is  MGcosflrftf. 

Hence  the  total  work  done  in  any  finite  displacement 

sin 


But 


the  integration  l>eing  taken  between  the  limits  assigned. 

Now  for  a  complete  cycle  I  I-/H  is  represented  by  the  area  of  a  closed 

curve  (cf.  fig.  150).    This  area  therefore  measures  the  work  per  unit  volume 
in  taking  the  iron  through  the  cycle  indicated. 

If  as  is  usually  the  case  a  B,  H  curve  is  plotted,  the  area  enclosed 

represents   IB'/H. 

( 

The  first  of  the  integrals  is  zero,  if  the  cycle  is  complete,  for  the  initial 
and  final  values  of  H  are  the  same. 

Hence  the  B.  H  eurve  area  represents  4n-  times  the  work  done  in  taking 
the  unit  volume  of  the  iron  through  a  complete  circuit. 

EXAMPLES 

1.  From  the  following  readings  of  B  and  H—  both  in  gausses  —  plot  a 
B.  H  curve.     Calculate  also  the  permeability  for  the  different  values  and 
pl<>t  a  B  abscissa),  p  (ordinate)  cm 

H  1         2         4         6         12         30        40         60       120 

B-HO2       14       4S       74       l«i       120       l.'io       l.",        H;I        17:, 
With  a  field  of  H  =  24..->m  Kwin-  found  B  =  4.~>,300.) 

2.  A  magnet  20  em.  x2  cm.  x  r>  cm.  and  intensity  •_':>  electromagnetic 
unit"   lic>  <>ii   a   table  poiutiiiir   N.  and  S.  in  a  place  \\ln-re  the  hori/ontal 
.-treii-th   of   the  earth's    field   is  '31  gaUSS.      What    work   would   have   to  be 
d«>ne  I--  turn   it    K.  and  W.  ? 

3.  A  soft  iron  ring  has  a  mean  radius  of  10cm..  the  ir«.u  beinir  1  em. 
in  diameter.     Calculate   the  number  of  ampere    turn-    required  to  give  a 

ilux  through  it  equal  to    HMMI  cent  imetre  irram-seeoud  units,  the 
permeability  l.riu-  taken  a>  204  MI  in  the  >ame  unit-. 

4.  A  Nolriioid  of  •_'«>  tuni"  per  cm.,  diameter   :;  cm.  and  Icii-th    I-"  cm.. 
H   .1   .nrrcnt    of  -2  ampere  :    \\hat    i-     I     the   Ilux.    2    the  >trenirth  of 

fi.-ld  in>ide? 

5.  Find  the  intensity  of  magnetisation  of  a  core  of  iron  placed  in  the 
solenoid  of  the  :  '|iie>tion  :  the  in.  n  behoof  the  kiml  described  in 
fig.  I 

6.  Fi£.   150  is  a  B.   H   ram   pi  tt.,1    fco   scale;    both    units   are 
measured  in  gausHi'M.     Find  by  measurement  of  the  area  em  l.«>ed  the  work 
done  JUT  unit  volume  in  taking  the  iron  through  the  complete  cycle. 


CHAPTER  XX 

ELEMENTARY   STATIC   ELECTRICITY 

177.  Electrification  by  Friction.     Everybody  knows 
that  an  ebonite  pen  or  stick  of  sealing  wax  rubbed  on  the 
sleeve  has  the  power  of  picking  up  light  objects.     Such  a 
body  is  said  to  be  electrified.     To  electrify  a  glass  rod  dry  it 
before  the  fire  and  rub  on  a  dry  warm  silk  handkerchief. 
Ebonite,  dry  paper,  sealing  wax,  sulphur  are  easily  electrified 
by  rubbing  with  flannel. 

By  suspending  rods  of  ebonite  or  glass  by  means  of  a 
paper  stirrup  threaded  by  a  silk  fibre,  verify 

(1)  two    ebonite    rods — rubbed    as    above — repel    one 
another. 

(2)  two  glass  rods  repel. 

(3)  an  ebonite  rod  and  glass  rod  attract  each  other. 

(4)  either  rod  attracts  rods  of  wood,  brass,  etc.  but  has 
little  effect  on  an  unelectrified  rod  of  dry  glass,  or  ebonite,  or 
sealing  wax. 

These  experiments  lead  us  to  believe  that  there  are  two 
kinds  of  electrification :  that  the  like  kinds  repel  one  another, 
the  unlike  attract  one  another  and  that  either  attracts  to 
some  extent  bodies  previously  uncharged.  The  two  kinds 
are  named  positive  or  vitreous  (e.g.  glass  rubbed  on  silk)  and 
negative  or  resinous  (e.g.  ebonite  rubbed  on  flannel). 

178.  The   Electroscope   is   a  useful   instrument  for 
detecting  small  charges  of  electricity.     In  fig.  152,  G,  G  are 
gold  leaves  which  are  hung  from  the  brass  rod  AB.    P  is  a 
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plug  of  wax  or  ebonite  which  supports  and  insulates  the  rod 
/>  is  a  metal  plate.  The  outer  case  may  conveniently  be  of 
irlass.  but  should  be  lined  with  wide  meshed  gauze  which  can 
be  connected  to  earth.  Any  charged  l)ody,  held  near  the 
plate,  causes  the  leaves  to  diverge. 


A 


Fig.  153. 


179.  Electrostatic  Induction.  An  uurharired  OOH- 
ductor  brought  near  to  a  charged  body  becomes  itself 
rlert  rifled.  Thu>  suppose  a  i  leu'at  i  vely  charged  ebonite  rod 
//  i-  held  near  an  electroscope  as  in  fig.  loM  the  latter  becomes 

charged  by  induction,  the  near  part  (  \  lie  plate)  bein-  -positive, 
the  tar  part  (the  lea\  e>  i  bein-  nc-ative.  It  is  the  presence 
of  the  like  (  —  >  charges  on  the  leave>  that  <-aii>e>  the  dher- 

gen< 

ISO.  To  charge  an  Electroscope  (a)  t>f/  i  m  I  m't  ',<>,,. 
A-  -«H.n  ;»-  the  r<»d  in  the  previous  article  i»  removed  the 
leaves  collate,  and  the  elect  roM-.,pe  i-  \\ithout  char-c.  T«. 
diar-r  it  touch  the  plate  \vith  the  tinker  while  the  rod  is  in 
po-iiimi:  this  causes  the  leaves  to  collapse.  Next  withdraw 
tin-  lin-rr.  (>n  the  final  withdrawal  of  the  rod  the  lea\e^ 
diverge  again  and  the  elect  ro-cnpe  i-  left  \\ith  a  charge 
(,,  that  of  the  rod. 


<//)  ////  ,-,,„,  ln,'ti,,u.  ('har-v  an  ebonite  rod  and  roll  it  up 
and  do\sn  on  the  plate.  The  chariiv  ac«|iiii'ed  i-  of  ihr  -ame 
kind  a>  that  of  the  rod. 
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181.  To  test  the  sign  of  a  charge.     Give  an  electro- 
scope a  small  positive  charge  so  that  the  leaves  diverge  a  few 
degrees.     The  approach  of  a  body  having  a  positive  charge 
causes  further  divergence.     This  divergence  is  a  sure  test 
that  the  electroscope  and  the  body  are  similarly  charged. 
A  body  oppositely  charged  would  cause  the  leaves  to  fall,  but 
any  uncharged  body  would  produce  the  same  eifect.     Hence 
if  the  body  under  test  does  not  cause  further  divergence,  it  is 
well  to  discharge  the  electroscope  and  charge  it  up  again  in 
the  opposite  way. 

182.  Electrons.     As  yet   we   have  no   real   evidence 
that  electricity  is  an  actual  thing  and  not  a  mere  state ; 
years  ago  it  used  to  be  regarded  not  as  material  at  all,  but  as 
a  form  of  energy  something  like  heat ;  for  heat  can  pass  from 
one  body  to  another  and  cause  rise  of  temperature,  and  yet 
it  is  not  a  material  substance. 

There  is  good  reason  to  believe  that  electricity  is  not 
energy  but  is  more  like  matter.  The  modern  idea  is  that  an 
atom  of  matter  is  built  up  of  the  two  kinds  of  electricity, 
positive  and  negative.  Negative  electricity  exists  in  the 
atomic  form :  that  is  it  is  found  only  in  charges  which  cannot 
be  divided,  created  or  destroyed.  These  charges  are  called 
electrons.  They  are  identical  in  all  kinds  of  matter ;  their 
mass  is  about  that  of  the  thousandth  of  that  of  an  atom  of 
hydrogen. 

A  current  of  electricity  involves  the  passage  of  these 
electrons  along  the  conductor.  In  electrolysis  they  pass  from 
kathode  to  anode  in  company  with  the  ions,  singly  if  the  ion 
is  monovalent,  two  together  if  it  is  divalent. 

A  negatively  charged  body  is  one  which  has  more  than  its 
normal  number  of  electrons;  in  a  positively  charged  body 
some  of  the  atoms  have  been  deprived  of  their  full  comple- 
ment. Thus  when  ebonite  is  rubbed  on  flannel  there  is  a 
transfer  of  electrons  from  the  flannel  to  the  ebonite. 

A  conductor  is  a  body  through  which  electrons  can  pass 
with  more  or  less  freedom.  In  a  non-conductor  or  insulator 
they  cannot  pass.  Electrons  repel  one  another :  so  do  positive 
charges  but  electrons  are  attracted  by  positive  charges.  Hence 
bodies  with  like  charges  repel  one  another;  with  unlike  they 
attract. 
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These  assumptions  help  to  "explain  electrification  by 
induction:  tor  consider  what  takes  place  in  the  charging  of 
an  elect  ro-copt>.  When  the  ebonite  (—)  rod  is  brought  near 
to  the  plate,  its  surplus  electrons  which  constitute  its  negative 
charge,  repel  the  electrons  in  the  rod  and  ]»1  ate  of  the  electro- 
scope and  drive  some  of  them  away  to  the  leaves.  If  the 
hand  or  any  other  uncharged  conductor  is  brought  in  contact 
with  the  electroscope,  a  way  of  escape  is  offered  to  the 
elect  n»n>  and  some  of  them  will  pass  axvax  altogether.  The 
electroscope  is  thus  left  without  its  normal  supply  of  electrons, 
i.e.  it  is  positively  charged.  When  first  the  hand  and  then 
the  rod  are  removed,  the  electrons  remaining  distribute 
them.-elve-  afresh  and  the  leaves  diverge. 

On  the  other  hand,  if  the  original  charge  had  been  positive. 
it  would  have  pulled  over  electrons  from  the  hand  into  the 
plate,  and  the  electroscope  would  have  acquired  a  negative 
charge. 

It  is  always  the  electrons  which  move  :  the  positive  charge 
does  not  separate  from  the  atom. 

183.  Charges  produced  by  friction  are  equal  and 
opposite.  Of  course  if  the  theory  is  sound,  this  roult  must 
follow.  To  test  it,  take  a  rod  of  ebonite,  roll  one  end  of  it  up 
in  a  piecr  of  silk  or  flannel,  and  rub  the  rod  round  and  round. 
Hrin.iT  both  near  to  an  electroscope.  The  leave-  xxill  not  be 
affected.  \«'\v  drop  the  flannel  otf  the  rod  into  a  metal  ea>e 
placed  on  the  plate  of  an  elect  n»co]  »e  :  the  leaves  diverge. 
Place  the  rod  in  as  well  :  the  leaves  collapse 


184.  Proof-plane.       It    i>    not     always    convenient    to 
a   Ix.dy  up  to  an  electro-cope  when  \N  e  x\i-h  to  find  out 

how  it  i-  char-red.  We  can  avoid  the  diflieultx  bx  ii-ini:  a 
.-mail  di>c  of  metal  held  in  an  in>iilat  inu  handle.  The  di-c 
after  contact  \\ith  the  charged  body  i-  removed,  but  carrie- 
with  it  ;i  -mall  portion  of  the  eharuv.  Thi-  can  be  tested  bx 
an  electro-cope. 

185.  Distribution  of  Charge.     The  charge  on  a 
ductor  i-  nnt    di-tributed   throughout  it  :   it  can  e\i-t  onlx   00 
the  -urface.      If  the  conductor  i-  hollow  and  emptx.  no  eh 
can  exM  on  the  interior  -urfaCC.      Charge  an  in-ulated   melal 
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vessel.    Test  the  inside  and  outside  surfaces  by  means  of  a 
proof-plane. 

Faraday  used  an  insulated  butterfly  net  made  of  conduct- 
ing gauze.  He  charged  this  but  on  turning  it  inside  out  he 
found  that  the  charge  was  always  on  the  outer  surface. 

186.  Cavendish  Experiment.  Perhaps  the  best  ex- 
perimental demonstration  that  a  charge  always  can  only 
remain  on  the  outside  of  a  conductor  is  due  to  Henry 
Cavendish  (1773).  His  apparatus,  the  original  sketch  of  which 
is  given  in  fig.  154,  consisted  of : 

(1)  A  globe  G  supported  on  a  glass  rod  Ss. 

(2)  Two  hemispherical  shells  h,  H  which  would  fit  to- 
gether to  make  a  sphere  capable  of  surrounding  the  globe  G. 
Notches  were  cut  in  these  shells  so  that  the  support  Ss  of  the 
inner  could  pass  through. 
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(3)  A  wire  pushed  through  the  shell  and  connecting  the 
inside  to  the  out>ide.  This  was  threaded  with  silk  so  that  it 
could  be  withdrawn  if  desired. 

The  hcmi>phcrical  shells,  made  of  pasteboard  lined  with 
toil,  were  supported  on  frameworks  of  wood  to  which  they 
were  attached  by  rods  of  glass  Rr,  Mm,  Nn,  Pp.  By  an 
arrangement  of  strings  and  pulleys  the  hemispheres  could  be 
lowered  down  and  made  to  close  over  the  globe;  or  they 
could  IKI  withdrawn  from  it  altogether. 

Cavendish  after  having  electrified  the  hemispheres  broke 
the  connection  between  them  and  the  interior  globe  by 
pulling  out  the  wire.  Then  he  instantly  separated  the  two 
hemispheres,  withdrew  and  discharged  them.  Finally  he 
brought  up  an  electroscope  and  tested  the  globe  but  found 
no  signs  of  electrification.  Even  if  the  globe  had  been 
charged  originally  no  charge  could  have  remained  on  it  after 
being  surrounded  by  the  two  hemispheres  and  connected  to 
them.  The  electroscope  used  was  a  pair  of  pith  balls  //  hum: 
by  linen  threads  to  a  glass  rod  7V  on  which  was  wrapped  a 
piece  of  foil  at  x.  A  very  important  deduction  from  this 
result  i-  iriveii  in  Article  214. 

187.  Ice  Pail  Experiment.  Place  a  liu'ht  metal  vessel 
on  the  plate  of  an  electroscope.  Charge  a  metal  ball  sus- 
pended by  a  thread  of  silk  and  bring  it  up  to  and  into  the 
vessel,  noticing  the  behaviour  of  the  leave-  as  \«»u  do  so.  The 
nearer  the  ball  gets  the  more  the  leavo  diverge,  but  \\hen 
the  ball  is  once  inside  the  vessel,  the  leaves  are  quite 
unaffected  by  any  changes  in  it>  position.  If  the  ball  i> 
withdrawn  without  having  touched  the  vessel,  the  leaves  will 
fall.  On  the  other  hand,  if  the  ball  lunches  the  VCSSel, 
<  1  i  the  leaves  are  quite  unaffected  b\  the  act  of  contact. 
(LMthex  remain  divergent  when  the  ball  i-  \\  it  hdrawn.  <  :t  \  the 
ball  i-  completely  discharged.  Now  immedialch  before 
contact,  there  are  three  charges  to  be  considered:  .1.  the 

charge  on  the  ball  which  \\  e  \\ill  >upp«»M-  ne^atixe  :  this  \\ill 
produce  a  positive  charge,  n.  on  the  in>ide.  a  negative 
charge.  (  '.  on  the  niil-ide.  Tin-  charge  BmUSt  be  eipial  to  C\ 
theN  are  the  equal  and  oppon;  j.i-oduccd  b\  in 

duct  inn.     Cut    by  contact  between  ball  and  vessel,  the  ball 
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loses  all  its  charge  without  producing  any  disturbance  or 
redistribution  of  the  charge  on  the  outside,  for  the  electro- 
scope is  unaffected  by  the  discharge  of  the  ball ;  further  the 
inside  of  the  vessel  loses  all  its  charge.  It  follows  that  A 
must  neutralise  B  exactly,  C  remaining  unaltered:  but  B  is 
equal  to  C  so  that  all  three  charges  must  be  equal. 

In  other  words,  when  the  ball  is  brought  up  into  the 
vessel  carrying  free  electrons  with  it,  it  causes  a  displace- 
ment of  the  electrons  in  the  material  of  the  vessel ;  producing 
an  extra  supply  on  the  outside  and  a  deficit  on  the  inside. 
The  extra  supply  on  the  outside  is  exactly  equal  to  the  free 
electrons  on  the  ball:  therefore  the  ball  simply  carries  as 
many  electrons  to  the  interior  of  the  vessel  as  its  introduction 
causes  to  pass  to  the  outside. 

188.  Density.     Take  a  conductor  shaped  like  a  pear. 
Insulate  and  charge  it.     By  means  of  the  proof-plane  test  the 
electrification  of  different  parts.     Bring  the  proof-plane  into 
contact  with  the  blunt  end  and  then  put  it  inside  a  metal 
vessel  on  top  of  an  electroscope ;  notice  carefully  the  diver- 
gence of  the  leaves.     Now  repeat,  but  touch  the  sharp  end  of 
the  conductor.    The  greater  divergence  of  the  leaves  indicates 
that  the  charge  is  more  concentrated  at  the  sharp  end  than 
at  the  blunt ;  in  other  words,  that  the  surface  density  of  the 
electricity  is  greater  there.     Do  another  experiment  which 
may  seem  to  contradict  the  last.     Use  the  same  apparatus 
but  join  the  plate  of  the  electroscope  by  a  fine  flexible  wire 
to  the  proof-plane.     Bring  the  plane  into  contact  with  the 
conductor  and  move  it  over  the  surface  from  place  to  place. 
The  leaves  will  diverge,  but  the  divergence  will  be  the  same 
whatever  be  the  part  in  contact  with  the  plane.     Of  course 
this  result  should  be  expected,  for  if  any  one  point  is  metal- 
lically connected  with  the  electroscope  all  other  points  are. 

189.  Action  of  points.     On  a  charged  conductor  the 
surface  density  is  greatest  at  the  sharpest  points.     From  any 
isolated  charged  body,  electricity  will  escape  in  time  and  the 
rate  at  which  it  escapes  is  partly  dependent  on  the  surface 
density.     Sharp  points  therefore  accelerate  the  discharge. 
There  are  several  ways  of  illustrating  this.     If  for  instance  a 
Wimshurst  or  other  electrical  machine  is  worked  in  the  dark 
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;i  luminous  discharge  may  be  seen  taking  place  from  specks 

of  dust  or  from  the  ends  of  \\nv>  connected  to  the  knobe,  and 

for  this   reason   a    machine   must  be 

kept  clran  if  it   is  to  \v«»rk  efficiently. 

In  an  extreme  case  the  discharge  may 

carry   air   with   it    sutlicient   to   blow 

out    a    candle:    or   to    make   a   mill 

(fig.    1 .").")  i  IVVnlve. 

(  harge  a  large  brass  ball.     Now 
hold  in  your  hand  a  pin  pointing  to 

the  hall  and  quite  close  to  it  Afterwards  test  the  ball  to  see 
whether  it  has  lost  its  charge. 

The  action  here  is  due  to  the  charge  induced  on  the  pin 
point  The  charge— opposite  in  sign  to  that  on  the  ball— 
passes  over  from  the  pin  and  discharges  the  ball. 

On  the  other  hand  an  uncharged  conductor  fitted  with 
a  spike  will  acquire  a  charge  if  it  is  brought  close  up  to 
a  charged  conductor.  This  explains  the  function  of  the 
collecting  combs  on  a  Wimshuist. 

190.  Electrical  machines.     There  are  many  forms  of 
electrical  machines.    The  oldest  type  is  the  frictional  machine 
in  which  a  ivvolvini:  plate  or  cylinder  of  glass  is  electrified 
by  friction  against  a  fixed  rubber.     The  charge  so  produced 
was  collected  by  a  comb  and  led  to  a  prime  conductor.     Such 
machines  are  not  used  now  and  will  not  be  described.      AIIH.II- 
ne\\er  forms  the   \Vim>hurst  is  perhaps  the  nio-t    important 
and  useful.      Volta's  clcctrophorus.  invented  about   \77'>.  i-  of 
inn-rest  and  illustrate-  the  principle  of  all  influence  machine-. 

191.  Volta's  Electrophorus  consists  of  three  parts. 

(a)  the  cake  which  i-  usually  a  flat  disc  of  ebonite:  i//i  the 
sole:  thi>  i>  a  conducting  plate  on  which  the  cake  i-  fixed: 
(c)  the  plate:  a  flat  conducting  disc  to  which  i-  fixed  an 
iii-iihtinu  handle. 

To  obtain  charge-,  place  the  cake  and  plate  on  a  table 
and  elect  rif\  the  cake  h\  -trikini:  it  \N  ith  a  cat-kin  or  cloth  : 

(a)   then  place  the  plate  on  the  cak 

I/M  connect  the  plate  to  earth  b\  touchin-  \\ith  the  fin-cr. 

(C)   reinoxe  the  plate  by  the  iioulat  in-  handle, 
discharge  the  plate. 


190 


Elementary  Static  Electricity 


Repeat  a,  ft,  c,  d  in  order. 

After  the  cake  has  been  rubbed  it  becomes  electrified: 
wo  will  assume  negatively.  The  negative  charge  on  the  upper 
surface  induces  a  positive  charge  on  the  upper  side  of  the 
sole :  the  corresponding  negative  passes  to  earth.  When  the 
plate  is  placed  on  the  cake,  it  will  be  charged  by  induction, 
not  by  conduction  for  the  cake  is  a  non-conductor  and  the 
plate  can  only  make  real  contact  with  it  at  two  or  three 
small  spots  where  the  surfaces  are  uneven.  The  lower  side  of 
the  plate  will  be  positive,  the  upper  negative.  By  contact 
with  the  finger,  the  negative  charge  escapes  leaving  the  plate 
with  a  positive  charge,  nearly  equal  in  amount  to  the  original 
negative  on  the  cake. 

When  the  plate  is  removed,  the  positive  spreads  all  over 
it  and  a  spark  can  be  obtained  if  the  finger  is  brought  near 
the  edge. 

By  none  of  these  changes  has  the  original  negative  charge 
in  the  cake  been  affected:  the  operations  may  therefore  be 
repeated  as  often  as  desired  until  the  charge  gradually  leaks 
away. 

Fig.  156  shews  the  distribution  of  charge  after  operations 
a,  b,  c.  The  presence  of  the  sole  serves  to  reduce  the 


Fig.  156. 
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potential  at  points  on  the  upj>er  surface  of  the  cake  (v.  Art 
202)  and  so  tends  to  prevent  the  escape  of   the  charge 

In  mi  it. 

192.  The  Wimshurst.  In  fcbig machine  two  circular  ulass 
plates  are  mounted  and  driven  round  in  opposite  directions 
on  a  fixed  horizontal  axle  (fig.  157).  Each  plate  carries  a 
i'rw  metal  sectors,  #,  s,  8.  mi'  U  a  neutral  i>iiii:  rod  fastened  to 
the  axle  :  it  is  of  metal  and  carries  a  wire  brush  on  each 
end;  the  brushes  touch  the  faces  of  the  revolving  sectors. 
There  Is  a  second  neutralising  rod  on  the  other  side,  the 
brushes  of  which  touch  the  sectors  of  the  other  plate.  Its 
position  is  shewn  by  the  dotted  line.  The  collecting  combs 
are  shewn  at  CC',  fig.  158.  Their  spikes  nearly  touch  the 
revolving  sectors. 


Fig.  157. 
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Consider  the  action  of  the  front  plate  only.  Suppose  that 
behind  this  plate  and  close  to  the  sector  which  the  brush  at 
n  is  touch  inn-  is  placed  a  positive  charge.  This  will  induce 
charges  on  the  rod  and  sector,  negative  on  the  sector,  positive 
on  the  rod.  As  the  plates  revolve  the  sector  leaves  this 
brush  and  passes  on :  the  charge  it  carries  cannot  escape  till 
it  comes  to  the  comb  C'.  Each  sector  will  behave  in  the 
same  way,  giving  C'  a  succession  of  negative  charges,  so  that 
C'  will  become  negatively  charged. 

Now  the  sector  s, having  come  from  n,  is  charged  negatively. 
It  will  influence  the  sector  81  (not  shewn  in  figure)  opposite 
to  it  on  the  other  plate ;  in  the  position  shewn,  s^  is  in  contact 
with  a  neutralising  brush,  and  therefore  acquires  a  (+)  charge. 
As  the  plate  rotates  it  carries  this  charge  behind  n  in  the 
direction  nC  and  delivers  it  to  the  collecting  comb  C.  Hence 
a  succession  of  (+)  charges  passes  to  C  from  the  back  plate ; 
just  as  (-)  charges  pass  to  (7'  from  the  front  plate. 

As  soon  as  the  machine  is  started,  the  presence  of  the 
initial  (+)  charge  behind  n  becomes  unnecessary,  for  the 
(+)  charges  on  the  sectors  of  the  back  plate  will  supply  its 
place. 

We  have  only  described  the  action  of  the  upper  halves 
but  the  lower  behave  in  exactly  the  same  way. 

The  collecting  combs,  mounted  on  insulating  supports, 
are  joined  to  adjustable  discharging  rods  KK  and  balls  BB. 

Usually  the  rods  are  connected  to  the  inside  coatings  of  a 
pair  of  Ley  den  jars  (Art.  201),  the  outsides  of  which  can  be 
joined  together.  When  this  is  done  the  sparks  are  much 
longer  and  sharper,  though  less  frequent. 

193.     Easy  practical  exercises. 

1.  Test  the  sign  of  dry  paper  rubbed  on  the  sleeve,  the 
palm  of  hand,  silk,  sheet  rubber. 

2.  Electrify  a  brass  rod  held  in  an  insulating  handle  and 
test  the  sign  of  the  charge. 

3.  Hang  a  pith  ball  on  a  fibre  of  silk.     Hold  on  one  side 
of  it  a  (-)  ebonite  rod,  on  the  other  a  (+)  glass  rod.     Observe 
and  account  for  the  motions. 

4.  Hang  two  hollow  brass  balls  in   contact  with   one 
another  by  threads  of  silk.     Bring  a  charged  rod  near.     Then 
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separate  the  halls  and   remove  the  rod     Test  the  electrifica- 
tion of  each.     Then  let  the  halls  touch  and  au'ain  test. 

.").  Hold  a  charged  rod  above  a  pith  ball  lyinir  on  the 
table.  Notice  the  behaviour  of  the  ball.  In  what  ropecte  is 
the  U'havioiir  altered  if  the  ball  is  laid  on  a  slab  of  wax 
instead  of  on  the  table? 

'  'n,nln,'t,,i:«  <in<l  In.<nlntin'$.  To  find  if  a  material  is 
a  conductor  or  an  insulator  charge  an  electroscope,  hold  the 
material  in  the  hand  and  touch  the  electroscope  with  it.  A 
good  conductor  will  discharge  it  instantly;  with  a  good 
insulator  there  i-  no  visible  change;  with  a  poor  insulator 
the  leaves  will  fall  uradually.  Ainonn'  n'ond  insulators  are 
wax.  dr\  -la—,  ebonite,  resin,  silk,  china.  Test  these  and  al>o 
chalk,  wood,  cotton,  wool,  carbon,  paper  in  its  ordinary 
condition,  well  dried  paper.  Devi>e  a  method  to  test  liquids 
and  use  it  for  water,  paraffin.  Gases  under  ordinary  conditions 
are  insulators:  try  however  the  effect  of  bringing  a  lighted 
match  near  the  plate  of  a  chained  electroscope. 

EXAMPLES 

1.  Two  unequal  I  miss  kills,  suspended  l»y  >ilk  threads,  are  charged. 
I'.y  means  of  an  electroscope  only,  how  would  you  find  out  whether  the 

like  or  not  .'     Could  you  find  mil  it'  they  were  equal  or  not  ' 

2.  A  pad  of  flannel  is  placed  at  the  Kottoni  of  a  metal  vessel,  which  is 
insulated  ami  connected  liy  a  wire  with  the  cap  of  a  gold  leaf  elertr<>~ 
<MK.  end  of  a  lon^  rod  of  sealing-wax  is  now  ruM»ed   airainst   the   flannel. 
What  indication^  will  tli«-  electrOflCOfW  give  (1)  while  the  nil  »l»ing  is  going 

•  •n,    •_'    \\lien  the  st'alini:-w:ix  is  withdrawn? 

3.  A    chai-_red   clcrtniplinrus   is   capable    of  'supplying  an    indefinitely 
large  amount  of  elcctricit\  ;   «-\plain  why  the  charge  it  can  omvey  to  an 
in-ulatcd   -|>li.T.-   i-   practically   limited. 

4.  A   charged   rleeti-opliorux   has  energ)'.      What   is  the  >omvc  of  thi.x 

5.  <'.m  the  leftfMof  •&  -'I.  ,  •  p  \\hcn  the  knoh  is  nunifctod 
tO  earth,  and  if  >o  how  could  the  divergence  • 

6.  A    thiml.le   ix  char-ed    \\ith   eleetri«-it\.      I  low  will   the  charge  be 

dMril.ut. 

7.  When  tuo  different    -oil-Malico  al'c  ml.  Led   t-.-i'the!'  electric  «  llJlTgttl 

Kxplain  \\h\  the  :  i  thrric  charges  IB  not  always 
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8.  A  and  B  are  t\v<>  neighbouring  spheres  suspended  by  silk  threads. 
A  is  charged  with  +  electricity,  and  while  it  is  charged  B  is  touched  with 
the  finger.     B  is  then  left  insulated  and  A  is  touched  ;  what  is  the  electric 
state  of  A  when  the  finger  is  removed  from  it  ? 

9.  Two  conductors  A  and  B  arc  insulated  and  placed  near  each  other. 
A  is  strongly  charged  with  positive  electricity  ;  B  is  uncharged  and  has  a 
p.  lint  projecting  from  it.     How  will  the  charge  of  A  be  a  Her  ted  by  the 
presence  of  B\   when  the  point  is  turned  (1)  towards  J,  (;2)  from  A1 

10.  If  two  equal  raindrops,  charged  with  equal  quantities  of  electricity 
of  the  same  kind,  were  united  into  one  large  drop  without  losing  any  <>i 
their  charge,  what  would  be  the  ratio  of  the  surface  densities  of  the  chai  -o 
before  and  after  union  ? 

11.  In  what  circumstances  is  it  possible  to  transfer  the  whole  of  the 
charge  on  a  conductor  to  another  insulated  conductor  '. 

12.  Two  insulated  metal  vessels  are  placed  one  inside  the  other,    (a]  A 
positively  charged  brass  ball  is  introduced  into  the  inner,  but  not  into 
contact;  (b)  the  outer  vessel  is  momentarily  touched;  (c)  the  ball  touches 
the  inner  vessel ;  (d)  the  inner  vessel  is  touched.    Describe  the  distribution, 
and  changes  in  potential  after  the  operations  #,  b,  c,  d. 

13.  A  tin  can  is  placed  on  a  block  of  wax.     Another  can  is  placed 
inside  this  and  is  insulated  from  it.    (a)  A  positively  charged  brass  ball 
is  introduced  into  the  inside  without  contact,  (b)  the  two  cans  are  then 
connected,  (c)  then  disconnected,  (d}  the  ball  is  removed,  (e)  the  inner  can 
is  taken  away  from  the  outer. 

Shew,  with  sketches,  how  the  various  bodies  will  be  charged  after  each 
of  the  operations  a,  fc,  c,  d,  e. 

14.  At  what  times  in  using  an  electrophorus  is  work  done  (a)  by  the 
operator,  (6)  on  the  operator  i 


CHAPTER    XXI 

POTENTIAL    AND   CAPACITY 

194.  Force  diagram.  Mv  the  electric  force  or  intiMisitv 
;it  a  point  is  meant  the  force  that  would  he  acting  on  a  unit 
positive  clmrire  placed  at  that  point.  Take  the  case  of  a 
char-red  sphere.  At  a  .irrcat  distance-  the1  force  due  to  it  on 
a  unit  positive  charge  would  IK-  very  small:  as  the  distance 
decreases,  the  force  inerea-c-.  heini:  four  times  as  much  at 
halt'  the  distance.  Kiir.  1  '»'.»  i-  a  diairram  in  which  the  heiirht 
of  the  ordinate  repre>ent-»  the  foix-e  at  a  distance  measured 
1»\  the  al)M-i>-a. 

If  the  -phere  is  a  conductor  there  can  be  no  force  inside: 
lielirr  the  Liaj)  ((/>  in  the  cui'\«-. 


195.  Potential.  Dillereiiee  of  potential  ha-  Keen  fullx 
dealt  \\illi  in  Current  llleet  rieit  \ .  hut  the  actual  potential 
at  an\  point  was  -eldoiu  re«jiiired.  ll  \\a->.  ho\\.  'ic. I 

to  In  Art  i-J. 
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The  potential  at  any  point — either  in  an  insulator  or  in  a 
conductor — is  measured  by  the  work  necessary  to  bring  a 
unit  positive  charge  of  electricity  to  that  point  from  a  place 
where  the  potential  is  zero:  i.e.  from  a  very  great  distance  or 
from  the  earth.  In  Static  Electricity  we  speak  usually  of 
"potential  (ft  a  point"  or  "the  potential  of  a  conductor." 
We  do  this  because  the  potential  at  all  points  on  a  conductor 
is  the  same — for  if  the  points  on  a  conductor  were  not  at  the 
same  potential,  a  current  would  flow  from  one  to  the  other  as 
we  already  know  by  Ohm's  Law.  But  an  insulator  will  not 
permit  a  current  to  flow  so  that  the  potential  may  vary  from 
point  to  point. 


Q     P 


Fig.  160. 


Take  a  very  simple  case.  Suppose  a  sphere  holds  a 
positive  charge.  At  a  great  distance  from  the  sphere,  the 
force  due  to  its  charge  is  small  and  therefore  the  work  done 
in  pushing  a  unit  positive  charge  one  centimetre  nearer  to  the 
sphere  is  small :  the  potential  therefore  changes  very  slowly 
from  point  to  point.  On  the  other  hand  at  places  close  to  the 
sphere  the  force  is  great  and  the  potential  changes  quickly. 
The  diagram  (fig.  160)  illustrates  this.  The  charge  is  sup- 
posed to  be  on  the  sphere  0.  The  ordinates  represent  the 
potentials  of  the  points  at  their  feet.  Thus  the  potential  at 
P  is  represented  by  the  ordinate  PP' :  and  the  difference  in 
potential  between  the  places  P  and  Q  is  represented  by  the 
difference  between  the  ordinates  PP',  QQ'. 


196.     Potential  due  to  equal  unlike  charges.     Lot  u- 

consider  next  how  the  potential  varies  from  point  to  point 
aloiii:  a  >t  raid  it  line  joining  the  eentres  of  two  spheres,  one 
earning  a  positive  charge,  the  other  an  eipial  negative.  At 
distant  places  the  force  due  to  one  charge  is  almost  counter 
l>alanre<l  l»y  the  force  due  to  the  other  and  therefore  tlie 
work  done  in  pushing  up  a  eharire  from  infinity  to  the  point 
I  tiii.  ir.li  i>  vcr\  >mall  :  i.e.  tlie  -potential  at  A  is  small. 
Neither  does  it  inerease  rapidly  till  we  reaeh  points  Clo00  to 
the  sphere.  The  potential  is  constant  throughout  the  sphere 
and  we  therefore  get  a  hori/ontal  part  BC  in  the  graph. 


Now  at  all  points  in  the  line  joining  the  centres  of  the  ^ 
the  dim-linn  of  the  force  on  our  imaginary  uni  charm-  i- 
;d\\;i\>  tVoin  the  |»lu-  to  the  iiiinii-.  >o  that  no  \\  >rk  would 
have  to  he  done  to  pu-h  it  tnmi  X  to  // :  on  the  contrarx  the 
elrrtric-al  t'orco  \\oiild  theni>elves  do  work  :  the  potential 
then-ton-  decreases  and  \\ill  tall  to  zero  at  <>.  tlir  middle 
point.  We  can  966  that  the  potential  at  n  i-  ne«-e^>aril\ 
for  if  the  unit  char-re  were  hroii-'ht  up  tVoni  a  -real 
distance  to  D  alon^  the  line  lln  the  attraction  due  to  ) 
\\ould  ah\a\-  Kc  <-..iintc|-actcd  l»\  the  repuNion  due  to  A" 
•  the  re-ultant  of  thc-c  c<tual  f..rce-  IM-JIII:  at  ri-ht  aii-lestO 
//*>>.  ><»  that  no  \\"||X  \\oiild  !»«•  done  at  anv  point  of  the 
jounic\. 
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(It  is  quite  legitimate  for  us  to  choose  the  most  convenient 
way  of  approach  to  O :  for  the  work  done  is  quite  independent 
of  the  particular  path  chosen.) 

The  remainder  of  the  graph  is  exactly  similar,  but  below 
the  line  of  centres  for  the  potential  is  always  negative  on  the 
left-hand  side  of  0. 

The  dotted  curve  above  the  line  indicates  the  potential  due 
to  the  presence  of  X  and  its  charge:  the  dotted  curve  below 
the  line  is  for  F.  From  the  two  the  continuous  line  has 
been  drawn. 

197.  Potential  due  to  two  spheres,  one  uncharged. 
Another  case  is  important:  two  spheres  X  and  F  (fig.  K'nJ), 
near  together,  X  carrying  a  positive  charge,  F  being  uncharged 
but  under  the  influence  of  X  so  that  on  the  side  near  A",  F 


Fig.  162. 

will  have  an  induced  negative  charge,  on  the  far  side,  an 
equal  positive.  The  presence  of  F  will  disturb  the  charge 
on  X  and  will  pull  it  over  slightly  to  the  side  near  F. 

Consider  now  the  force  that  would  act  on  a  unit  charge 
at  A.  It  is  due  to  three  causes,  (1)  the  plus  charge  on  AT, 
(2)  the  minus  charge  on  F,  (3)  the  plus  charge  on  F. 

Now  the  effect  of  X  is  rather  less  than  it  would  be  were  F 
not  present,  for  on  the  whole  the  charge  is  more  distant: 

The  negative  charge  on  F  is  rather  nearer  than  the 
positive  and  therefore  the  two  together  will  produce  a  slight 
attraction  on  a  positive  charge  at  A.  The  total  repulsion  on 
a  positive  charge  at  A  is  then  rather  less  than  it  would  be 
were  F  absent. 

As  the  force  is  less  it  will  require  less  work  to  push  a  unit 
charge  up  to  X.  If  then  the  dotted  line  shews  what  the 
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potential  would  he  at  different  point-  were  )'  ah-ent.  the 
curve  shewing  tin-  actual  potential  will  always  ho  helow  it  as 
indicated  hy  the  line  I'(J.  'I'he  potential  is  con-taut  through- 
out the  conducting  -phere  A'.  -o  that  we  -et  the  horizontal 
part  of  the  uraph.  f^/f. 

in  at  all  point-  hot  ween  A' and  )'  the  elect  ric  force  is 
from  A' to  )'.  the  potential  must  therefore  fall  contimiou-ly  : 
thi-  is  -hewn  hy  the  eurvo  RS. 

To  trace  the  remainder  of  the  uraph.  think  what  would 
happen  were  a  unit  charge  hnmirht  up  from  the  other  side. 

At  n  the  force  due-  to  A'  i-  greater  than  it  would  he  were 
}'  not  present :  )'  a  No  on  the  whole  exerN  a  ^niall  repulsion. 
The  i-oultant  foire  is  theivfore  increased  hy  the  presence  of 
)'  :  and  the  potential  also. 

We  come  then  to  the  following  conclusions  : 

i  1  »     The  potential  is  everywhere  positive. 
c2)     The  potential  at  all  points  on  the  side  of  A'  remote 
from    )'  i-  decreased  hy  the  i>rosence  of  )'. 

A  i  place-  on  the  II  side  of  }'.  the  potential  is  rai>ed 
hy  the  procnce  of  )'. 

The  nearer  )'  is  to  A',  the  higher  the  potential  of  )'. 
the  lower  the  potential  of  A'. 

If  )'  instead  of  hein-  in-ulated  had  heen  connected 
to  earth  it-  positive  charge  would  have  left  it:  its  potential 
would  he  /ero  and  that  of  A'  and  all  place-  in  it-  iici-hhoiir- 
hood  reduced. 

198.  Experiments  on  potential.  An  olortrosoopo  i- 
rc;ill\  an  in-trimiciil  to  indicate  difference-  of  potential:  it- 
loavos  di\<TLLc  when  it>  potential  dillois  from  that  of  iu 
-urroimdini:-.  If  then  the  -iiri-omidin-  ca.ire  i-  earthed,  the 

H  divorce  i!'  the  potential  of  leave-  and  knoh  i-  not  /< 
if  the  loaves  are  Kept  at  zero  potential.  thc\  can  «»nl\  di\ 
it  the  cage  i-  hrou-'iit  to  -..me  other  potential.    The  greater 

the  |M.tential  difference  het  \\een   leave>  and  ca-v.  the  greater 

the  diyergenoe :  hut  of  oonne  the  one  is  no(  proportional  to 

the  other. 

I  )o  the  tollnuiiiLi  experiment-. 

(\\  llriiiLi  an  michai'Lied  in-ulated  hra—  hall  near  the 
knoh  of  ;i  p..-iti\el\  charged  oh-ctroscopei  The  leaves  fell  a- 
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the  ball  approaches,  and  therefore- their  potential  diminishes. 
This  shews  experimentally  that  the  approach  of  an  uncharged 
conductor  to  a  charged  body  lowers  the  potential  of  the  latter. 

(2)  Bring  an  uncharged  electroscope  up  to  a  positively 
charged  body  ;  or  the  body  to  the  electroscope  if  more  con- 
venient.    The  increasing  divergence  of  the  leaves  indicates 
that  the  potential  of  an  uncharged  body  is  increased  by  the 
presence  of  a  positively  charged  body.     These  results  merely 
illustrate  (4)  of  Art.  197. 

(3)  Bring  the  hand — or  any  other  uncharged  uninsulated 
body  close  to  the  knob  of  a  charged  electroscope.     The  fall  is 
greater  than  in  (1).     This  verifies  (5)  in  Art.  197. 

(4)  Repeat  the  experiment  of  Art.  188. 

Of  course  as  soon  as  the  electroscope  is  once  connected  to 
any  part  of  the  conductor  the  two  come  to  the  same  potential 
which  cannot  be  altered  by  changing  the  position  of  the 
point  of  contact. 

199.  Capacity.  The  capacity  of  a  bottle  can  be 
measured  by  the  number  of  grammes  of  water  it  will  hold : 
but  if  water  were  compressible  we  could  only  make  such  a 
measure  satisfactory  if  we  stated  the  pressure.  The  capacity 
of  an  oxygen  cylinder  is  measured  by  the  number  of  cubic 
feet  at  atmospheric  pressure  which  can  conveniently  be 
compressed  into  it. 

Now  the  amount  of  electricity  that  a  body  is  capable  of 
holding  on  its  surface  is  not  definite:  we  define  then  the 
capacity  of  a  body  by  dividing  its  charge  at  any  time  by  its 
potential.  The  potential  of  a  body  is  however  dependent  on 
its  surroundings:  if  then  we  speak  of  the  potential  of  a 
sphere  we  imagine  that  sphere  to  be  far  removed  from  all 
other  bodies.  The  definition  given  assumes  that  the  potential 
of  a  body  is  proportional  to  its  charge  ;  otherwise  the  capacity 
would  not  be  constant.  That  this  assumption  is  true  is 
obvious,  for  of  course  the  force  exerted  by  a  body  on  a  unit 
positive  charge  is  proportional  to  its  charge  and  therefore 
also  the  work  necessary  to  bring  the  unit  charge  from  infinity 
to  the  body.  The  capacity  of  any  body  is  dependent  on 
shape  and  size. 
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2OO.  Experiment.  Fix  a  sheet  of  foil  on  a  rod  of 
ebonite  after  the  fashion  of  a  roller  blind,  and  join  one  of  the 
five  eorners  by  a  liirlit  wire  or  cotton  thread  to  a  small 
elect ro-cope.  \\'heii  the  foil  is  open  give  it  a  charge.  The 
leaves  of  the  electroscope  diverge.  Now  roll  the  foil  up  on 
the  rod:  the  leave-  diverge  further,  indicatm-  that  the 
potential  of  electro-cope  and  foil  is  ri>ini:  and  the  capacity 


Fig.  163. 

therefore  tailing.  We  expect  this  from  the  theory  :  for  let 
AH  represent  the  open  foil  seen  in  section.  Consider  the 
force  that  would  act  on  a  unit  charge  at  P\  the  cliarnv  <»n  the 
part  near  .1  would  exert  a  repul-ion  directed  alon-  the  line 
AP,  and  therefore  the  work  done  in  pushing  up  the  unit 
charge  alonu'  the  line  /'//  to  the  foil  would  he  le.--  than  if  the 
foil  and  its  charge  \\ere  gathered  up  to  // .  for  then  the 
!•< -piil-ion  would  be  both  direct  and  ureater. 

2O1.  Leyden  Jar.  A  Dutchman.  Mu-schcnliroek.  who 
lived  in  Lexden.  tried  to  accumulate  elcctricitx  in  a  bottle. 
Me  tilled  the  bottle  with  \\aler.  corked  it  up  and  ran  a  \\ire 
throii-h  the  cork  to  make  contact  with  the  \\ater  inside. 
IVrhap-  hi-  idea  \\a-  that  he  could  lead  the  electricitx  ill 
throii-h  the  conductiiiL:  x\ir«-  to  the  \\ater.  but  that  the 
eleetrieit\  could  not  e-cape  a-ain  thi-ou-h  the  lion  conductim: 
L:las-  ..f  the  bottle.  A  friend.  x\h«»  a  — i-te«l  him.  held  the 
bottle  in  one  hand,  placed  the  xxire  near  the  knob  of  an 
eh -etrieal  machine  and  HO  obtained  a  eliai'-e.  Then,  \\ith  the 
other  hand  he  touched  the  \\ire.  II.  -hock  \\hich 

much  -urpri>ed   him.      .Mii->chenbroek  al-o   had  a    shock    and 
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wa>  >o  badly  hurt  that  he  said  he  would  not  take  another  for 
the  kingdom  of  France,  but  this  was  probably  the  effect  of  a 
lively  Imagination  for  il  you  repeat  the  e.\])eriiuent  you  will 
probably  not  uvt  a  shock  big  enough  to  be  in  any  way 
unpleasant:  at  any  rate  it  will  do  no  harm. 

The  essentials  to  this  experiment  were  two  conductors 
(the  hand  round  the  bottle' and  the  water),  separated  by  an 
insulator  (the  glass  of  the  bottle).  One  of  these  conductors, 
the  hand,  was  earth  connected.  Any  apparatus  with  these 
essentials  is  a  Leyden  jar,  or,  as  it  is  often  termed,  a  con- 
denser. Two  boys,  A  and  B,  back  to  back  but  separated  by 
a  slab  of  wax  or  a  sheet  of  dry  glass  will  make  a  condenser  if 
one  of  them,  B,  stands  on  an  insulating  stool.  If  B  puts  his 
hand  quite  close  to  the  knob  of  a  Wimshurst  he  will  receive 
a  series  of  sparks.  If  A  and  B  then  touch  hands,  a  spark 
will  pass  between  them  and  they  will  receive  a  mild  shock. 
The  theory  of  the  condenser  is  simple  and  depends  on  work 
we  have  already  done. 

2O2.  An  Epinus  condenser  consists  simply  of  two 
metal  plates  ;  one  A  fixed,  the  other  B  movable.  These  can 
be  separated  by  a  third  plate  (7,  made  of  glass  or  other 
insulator.  For  the  present  we  will  leave  out  plate  C  so  that 
the  two  conductors  which  form  the  plates  of  the  Leyden  jar 
are  separated  by  air.  Both  plates  A,  B  are  mounted  on  glass 
standards.  Connect  A  to  a  small  electroscope  E,  B  to  the 
earth. 


Fig.  164. 

Let  the  two  be  separated  as  far  as  possible :  then  give  A  • 
a  charge  sufficient  to  make  the  leaves  of  E  diverge.     Bring 
B  closer  to  A.     The  leaves  will  begin  to  collapse,  shewing 
that  the  potential  of  A  and  E  is  decreased  by  the  approach 
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of  B.  (live  .1  a  further  charge  till  the  leaves  of  /:,' diverge 
as  much  :is  at  tiiM.  A-ain  briui:  It  eloser  and  repeat  the 
operation.  It  will  he  found  that  .1  can  take  a  very  larirc 
charge  before  />  getfl  ojiiitr  do-e  to  .4.  Yet  if  the  divergence 
of  the  lea\c-  «.f  /•;  remain  the  >aine  as  l)efnre.  the  potential  of 
A  and  l\  mu-t  be  the  >ame  as  at  first.  Hence  the-  conden-er 
produce-  the  effect  indicated  by  itx  name:  it  enable-  n-  to 
-tore  a  larire  charge  of  electricity  without  a  liiirli  ]iotential. 
In  other  words  it  has  a  larnv  capacity. 

hi  thi>  experiment  there  i-  of  course  a  limit  to  the 
nearne--  «»f  .1  and  />:  if  they  are  too  do-e  a  -»park  will  pass 
between  them.  Tlie'ttO  is  also  a  limit  to  the  cliaruv  that  can 
In-  n'iven  to  A.  The  char-v  i-  ah\a\-  e-ca]>in^  somehow  «>r 
other  >o  that  after  a  certain  point  it  leaks  a>  fast  as  it  i> 
sapplied 

Another  way  of  looking  at  the  action  of  the  condenser  is 
this.  Suppo-e  II  i-  insulated  and  brought  cln>e  to  A.  Tlie 
eliarire  which  A  I'eceive-  gOCfi  partly  to  the  leaves  of  the 
electro-cope  and  causes  them  to  diverge.  Hut  B  beconu  - 
char-ed  by  induction.  If  A  's  char-'e  is  positive,  the  near  -ide 
of  l»  i-  negative,  the  far  -ide  positive.  Now  touch  />  for  a 
moment.  It^  positive  charge  will  pass  awa\  to  earth:  //will 
be  left  ne-ative  and  will  pull  Up  the  positive  electricitx  on 
.1  and  /•„' nraivr  t»»  it-elf  :  -oine  <>f  the  ]>o>it  ive  will  t  hen  1- 
the  elect  ro-co]  ie  -o  that  the  leave-  will  collapse  to  Some 
extent.  An  additional  charge  will  be  -hared  by  .1  and  K  a> 
brfnrr.  the  leave-  dixeiiie  a-'aill  and  the  far  side  of  /{  will  _:•! 
a  urw  p<»-iti\e  chai'-e  by  induction.  Touch  />  and  the  c\cle 
re|>eats. 

2O3.  To  make  a  Franklin  plate.  Take  t\\o  picci  -  of 
tinfoil,  and  fa-ten  them  b\  -hellac  varni-h  one  to  each  -idc  of 
a  pane  of  irla».  I  he  foil  -hould  reach  about  an  inch  from 
each  e<l«re  of  the  -la—. 

\\arm  the  plate,  and  Cover  tin-  e\po-r.|  |,;,rl  of  the  -la  — 
with  -hellar. 

Connect  ODe  Of  the  OOfttin^  to  earth,  and  charire  the  other 
either  b\  a  machine,  or  b\  repeated  application-  of  the 
electrophone.  A  -hock  can  be  obtained  b\  loiidiini:  both 
coatings  at  once. 
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204.  Experiments  with  a  Ley  den  jar.     To  charge  a 
jar,  the  outside  should  be  connected  with  the  earth,  and  the 
knob  which  is  usually  joined  by  a  chain  to  the  inner  coating 
should  be  placed  near — but  not  quite  in  contact  with — one  of 
the  knobs  of  a  Wiinshurst  or  other  kind  of  electrical  machine. 

(1)  Charge  a  small  jar  slightly:  touch  the  knob  with  the 
finger  and  yon  will  get  a  quite  perceptible  shock.     With  a 
large  jar  fully  charged  the  shock  is  painful  and  dangerous. 

(2)  Let  several  boys  join  hands  and  make  an  unbroken 
line.     One  of  the  end  boys  holds  the  outer  coating  of  a  small 
charged  jar.     When  the  other  end  bov  touches  the  knob  a 
shock  will  pass  along  the  whole  line.    4p 

(3)  Charge  a  jar  fully:  discharge  it  by  means  of  the 
proper  insulating  discharging  tongs.     The  spark  will  be  large 
enough  to  light  a  gas. 

(4)  Charge  a  jar  fully :  then  insulate  it  by  placing  on  a 
slab  of  wax.     If  you  now7  touch  the  coatings  alternately— 
never  both  at  the  same  time — you  will  get  a  large  number  of 
small  shocks.     This    is    called   the  discharge  by  alternate 
contact. 

205.  Discharge  by  alternate  contact.     Suppose  we 
had  two  circular  conducting  discs  exactly  alike,  far  removed 
from  one  another.    Let  one  of  them,  A,  have  a  positive  charge 
and  the  other,  B,  an  equal  negative  charge.     On  neither  would 
the  charge  be  uniformly  distributed;  the  density  would  be 
greatest  at  the  edges,  least  at  the  centre ;  but  the  distribution 
would  be  the  same  on  both  sides. 

But  now  suppose  the  plates  are  brought  close  together. 
The  distribution  will  be  much  altered  :  on  A  the  charge  will 
pass  mainly  to  the  side  facing  B :  only  a  little  will  be  left  on 
the  other  side.  The  potential  of  A  will  be  much  decreased 
by  the  presence  of  the  negative  charge  on  B,  but  it  will  of 
course  remain  positive.  The  potential  of  B  will  be  raised  by 
the  presence  of  the  positive  on  A,  but  will  still  remain 
negative  and  equal  numerically  to  that  of  A.  The  potential 
of  any  point  half-way  between  the  plates  will  be  zero. 

Now  suppose  one  of  the  plates,  B  say,  is  connected  to 
earth.  Its  potential  must  rise  to  zero  and  negative  electricity 
pass  from  it  to  the  earth.  The  potential  of  A  will  rise 
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slightly  owini:  to  tin.1  oil-part inv  of  this  negative  charge  in  its 
neighbourhood.  Now  insulate1  />  and  earth  .1.  The  ]»otential 
of  A  m\\*\  fall  to  zero:  some  of  its  charge  passes  to  earth, 
lu  11  the  potential  falls  from  zero  to  something  negative,  for 
a  positive  charge  has  left  its  neighbourhood.  Now  insulate 
.1  and  earth  11.  and  so  on.  The  charge  which  is  taken  from 
either  plate  irradually  irets  less  and  less:  the  potential- 
gradually  approach  zero:  hut  the  plates  cannot  he  entirely 
di>charired  in  this  way  by  a  finite  number  of  contacts. 

2O6.      Identity    of  static    and    current    electricity. 

The  electricity  called  into  evidence  by  rubbing  ebonite  on 
flannel  is  exactly  the  same  thing  as  the  electricity  driven 
through  a  wire  by  a  dynamo.  Hut  the  first  is  usually  met 
with  in  very  >mall  quantities  at  high  potential,  the  latter  in 
much  biirnvr  quantities  at  low  potential.  Indications  of  the 
identity  of  the  two  may  be  found  from  the  following  con- 
sideration^  : 

(  1  )  Insulators  in  static  electricity  are  non-conductors  of 
current 

(2)  If  the  voltage  of  current  electricity  is  raised  by 
means  of  a  transformer  (e.g.  the  induction  coil)  the  usual 
t -tl( •(•!-  produced  by  a  Wimshurst  can  be  obtained.  Thus 
vacuum  tubes  can  be  lighted.  Ley den  jars  charged.  X  ra\- 
excited  either  b\  a  \\imshurst  or  a  coil. 


206  Potential  nn<l  Capacity 

(3)  Magnetic  effects  are  not  readily  obtained   from   a 
Wimshurst     It  has  however  been  shewn  conclusively  that  a 
static  charge  revolving  in  a  circular  path  affects  a  compass 
needle  at  the  centre. 

(4)  A  static  charge  may  be  obtained  from  a  cell.     To 
shew  this  a  condensing  electroscope  is  often  employed.     It 
consists  of  an  ordinary  electroscope  fitted  with  a  large  disc-  in 
place  of  the  usual  small  plate  or  knob.     Over  this  plate  and 
insulated  from  it  only  by  a  film  of  varnish  is  laid  a  second 
plate.     The  two  are  connected  for  an  instant  one  with  the 
positive,  the  other  with  the  negative  pole  of  a  cell.     When 
the  connections  have  been  removed,  the  upper  plate  is  raised. 
This  causes  the  leaves  to  diverge  and  indicates  that  the 
electroscope  has  acquired  a  charge  from  the  cell.     The  reason 
of  the  divergence  of  the  leaves  is  explained  fully  by  Art.  202. 

(5)  Two  gold  leaves,  hung  side  by  side,  insulated  from 
one  another  but  joined  to  the  terminals  of  a  battery  of  cells 
attract  each  other. 

207.  Condensers.     The  capacity  of  a  Leyden  jar   is 
rather  small  but  it  is  possible  to  charge  a  jar  up  to  a  very  high 
potential  before  the  charge  begins  to  leak  rapidly  through  the 
glass :  if  charged  to  too  high  a  potential,  however,  the  glass 
may  be  pierced. 

For  many  purposes  a  condenser  of  much  greater  capacity 
is  required:  e.g.,  in  telegraphy  and  in  the  primary  of  an 
induction  coil :  but  the  potential  difference  necessary  will  not 
be  nearly  so  great.  Such  a  condenser  can  be  formed  of 
alternate  layers  of  paper  and  tinfoil  (v.  fig.  88). 

208.  Comparison  of  condensers.      The  most   direct 
method  of  comparing  condensers  is  perhaps  by  means  of  a 


Fig.  166. 
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l>alli>tic    galvanometer.      A    diagram    of   the1   arrangement    is 
shewn  in  tiir.  Hill. 

(  >ne  terminal  (  T  >  of  tin-  con- 
dcn><  T  i-  connected  to  tin-  u'alva- 
nometer  i '/».  the-  other  T  to  one  of 
tin-  pole-  i  Z  i  ot' a  battery.  Z.  and 
tin-  remainim:  pole  (C)  arc  eon-  Fi-.  167, 

nected  to  the  studs,  //.  A.  of  a  txvo- 
x\ax   kex  or  >witch  (tin1.  H>7>.  the  arm  of  which  is  joined  up  to 

the  galyanometer. 

N«>\\  if  A"  makr>  contact  with  /f.  both  sides  of  the  con 
deiixT  niu-l  IK-  at  tlie  same  potential  as  Z.  \m\  when  A' 
i-  >\s  itched  over  to  />.  a  current  must  How  alonn'  (i  t<>  charu'e 
up  the  condenser  until  the  potential  ditference  liet\\een  tin- 
plate-  i>  espial  to  that  of  the  l»atter\.  To  find  the  capacity 
<>f  the  condcn>ei-  it  i-  therefore  nece»arv  to  know  (1)  the 
total  (jnaiititv  of  electricity  which  ]»as>e>  tliion-li  <>'.  (2)  the 
pntential  jlitlerenee  between  the  ])oles  of  the  batter\. 

In  practical  work  join  up  the  apparatus  as  shewn  n>iiiL: 
a  >inde  Daniell  as  a  battery.  Notice  the  portion  of  the 
reflected  >pot  of  li-ht  on  the  scale.  Then,  when  steadx. 
>\viteh  the  kex  o\cr  and  >o  chai'^c  ii]»  the  condenser.  The 
li-ht  will  move  across  the  >cale :  the  extreme  po>iti<»n  to 
xvhich  it  moves  nm>t  be  noted.  If  it  should  happen  that  the 
"thm\\  i-  insufficient  for  accurate  measurement,  replace  the 
>in-le  Daniell  bx  a  battei-x  of  t  x\  o  «,r  more  cell*  joined  in 

Beri< 

The  mirror  \\ill  -uini:  tor  -ome  time:  \\hen  it  c<nne-  to 
rest  a^ain  dischar«re  the  condenser  through  the  galvanometer 

bx   juinin-  up  A'  to  //.     The  li-ht  will   travel   in   the  opposite 
direction.      Note  auain.  the  extreme  position.      Take  half  the 

(li-laiice    bct\\e«'ll    the-e    1  \\  o  e\liviii(-   ftfl    flic   "thTOW.' 

\..\\  if  \..n  \\i-h  nnlx  to  cuin/nin  INNO  cniidenx 'l'-.  replace 
the  tir-l  b\  the  M-cond  and  i-epeal  the  o|  »erat  ion-,  \\ithout 
ehnn-inLi  the  ballerx.  The  capacil  ie-  are  nearlx  propnrt  iunal 
to  the  MthrOWB,"  f«>r  both  condenser-  \\ere  ehaiu«-d  up  to  the 

same  potential  difference  (that  of  the  i  and  the  charges 

to  do  tin-  x\ere  mea-ui-ed  l»\  the  "thro\\      ..(  the  ualxanom, 

If.  on  the  other  hand.  \<>n  N\:int  the  actual  « -apa« -itx  \oii 
mii-t  kimw  \\hat  char-e  ]>ro(lnce-  a  thro\\  of 
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on  the  scale:  also,  the  E.M,F.  of  the  battery.  The  first  can 
be  found,  either  from  the  formula  of  Art.  98,  or  by  the 
experiment  of  Art  136.  The  second  by  any  of  the  usual 
methods. 

The  capacity  measured  m  farads  is  then  found  by  dividing 
the  charge  in  coulombs  by  the  E.M.F.  in  volts.  The  result 
will  IK?  extremely  small.  Multiply  it  by  a  million  and  the 
result  is  in  microfarads. 

EXAMPLES 

1.  How  would  you  determine  whether  two  condensers  are  of  equal 
capacity  or  not  ? 

2.  If  one  of  the  knobs  of  a  Wimshurst  machine  be  placed  near  an 
insulated  conductor  sparks  pass  between  them  when  the  machine  is  working ; 
after  a  time  these  cease.    Explain  the  reasons. 

3.  A  charged  ball  is  suspended  by  a  silk  thread  midway  between  two 
other  fixed  balls,  the  centres  of  all  being  in  the  same  horizontal  line.     The 
fixed  balls  gradually  receive  charges.     How  will  the  suspended  ball  be 
affected  ? 

4.  How  can  the  potential  of  a  conductor  be  altered  without  altering 
the  charge  on  it  ? 

5.  What  changes  in  the  potential  of  the  plate  of  an  electrophorus  take 
place  when  it  is  used  to  charge  a  Ley  den  jar  ? 

6.  A  charged  body  is  held  close  to  an  iron  mantelpiece.    A  proof  plane 
is  made  to  touch  the  part  of  the  iron  nearest  the  body  and  is  then  removed 
to  a  distance.    What  is  now  the  state  of  the  proof  plane  as  regards  charge 
and  potential  ? 

7.  Describe  an  experiment  to  prove  that  two  parts  of  the  same  con- 
ductor may  be  differently  electrified  although    they  are   at   the   same 
potential. 

8.  An  insulated  metal  plate  is  charged  to  a  certain  potential.    Another 
equal  and  parallel  insulated  plate  at  zero  potential  is  brought  near  the 
first,  touched  with  the  finger,  and  removed :  what  changes  take  place  in  the 
potential  of  each  plate  during  the  process  ? 

9.  A  positively  charged  brass  ball  is  suspended  from  a  silk  thread  and 
brought  near  to  an  electroscope.     How  will  the  potential  of  (a)  the  electro- 
scope, (6)  the  ball  change  ? 

10.  An  electrified  body  is  brought  into  the  neighbourhood  of  (a)  an 
insulated  conductor,  (b)  an  earth  connected  conductor.     Describe  exactly 
the  effect  on  the  potentials  of  the  electrified  body  and  of  the  unelectrified 
conductors  in  each  case. 


-JIM* 

11.  Suggest  a  practical  method  of  finding  out  which  of  two  Indies  has 

the  -Teater  capacity. 

12.  What  i-  meant  liy  siyin-  that  tin-  earth  is  at  zero  potential  ? 

13.  T\\«>  charges  are   placed  at    A   and  B.     Shew  how  the  potential 
changes  at   points  in  the  line  All,  and  in  All  produced  in  both  directions, 
in  the  following  cases: 

(1)  both  charges  positive  and  equal. 

(2)  equal  1'Ut  opposite  char_ 

(3)  charge  Oil  A  ='2  charge  on  II  and  both   +, 

(4)  char-,   on  A  =-2  charge  on  B,  but  A  -f  and  B  -. 

14.  Explain.  by  theory  of  potential.  why  charge  must  accumulate  at 
point*. 

15.  Two  equal  insulated   uncharged  spheres,  B  and  C,  are  placed  on 
opposite  sides  of  and  at  equal  distances  from  a  charged  sphere  A.      What 
i>  the  electrical  >tate  of  II  and  of  (7,  and  what  will  happen  if  the  part  of  11 

-t  !••  J  i>  c..nnect.-d  liy  a  tine  wire  \\ith  the  part  of  f  farthi'-t  tVoin  ./  | 

16.  An   elect  ro>eope   is    placed   within  an   insulated    metal  jar.  and   i> 
insulated  from  it.     The  electro-,  ,,j,,    jg  r-.nnected  with  another  electroscope 
at  a  distance.      The  jar  is  then  charged  with  positive  electricity.      Describe 
and  explain  the  indications  of  the  electro>copcs. 

17.  A   metal   plate   is  placed   on   the   top  of  an  electro^,  •,.].,-.      A   long 
watdi  -chain,  charged  with  electricity,  is  supported  at  one  end  by  a  fibre  of 
silk  and  gradually  lowered  mi  to  the  plate  until  it  i-uil>  up  in  a  heap 

H       I  Aplain  the  l.ehaviour  of  the 


18.      I>mw  a  graph  similar  to  fig.  162  for  the  ease  where    Y  is  connected 
to  earth. 


W. 


CHAPTER   XXII 

LINES   OF   FORCE 

2O9.  Lines  of  force.  In  magnetism  and  current 
electricity  lines  of  magnetic  force  may  easily  be  traced  in  a 
strong  field  by  means  of  iron  filings  :  no  such  simple  method 
is  available  in  static  electricity  for  tracing  lines  of  electric 
force.  Yet  since  the  law  of  the  inverse  square  holds  between 
charges  as  it  does  between  poles,  the  lines  of  force  must  often 
be  similar.  There  are  these  differences:  in  magnetism  we 
cannot  separate  the  North  Pole  very  far  from  the  South :  in 
static  electricity  the  positive  electricity  may  be  removed  so 
far  from  its  complementary  negative  as  to  be  practically 
isolated  from  it  altogether.  Again  in  static  electricity  the 
lines  cut  all  conductors  at  right  angles  :  they  end  at  con- 
ductors and  cannot  exist  in  their  interiors.  With  magnets 
the  lines  are  seldom  at  right  angles  to  the  magnet  face :  they 
form  closed  curves  joining  North  to  South  through  the  body 
of  the  magnet  as  well  as  through  the  surrounding  air. 

In  electrostatics  lines  of  force  might  be  drawn  by  finding 
tangents  at  various  points  (Art.  146):  a  laborious  process. 
A  much  quicker  way  is  given  in  Art.  211,  but  even  by  that 
method  the  process  takes  much  time. 

Look  at  figs.  168,  169.  Suppose  that  at  A  and  B  equal 
charges  are  placed :  the  dotted  curves  shew  the  lines  of  force : 
the  continuous  lines  are  lines  of  equipotential  (Art.  211). 
Fig.  168  gives  the  left-hand  portion  of  half  the  field  when 
the  equal  charges  at  A  and  B  are  unlike.  Fig.  169  gives 
the  right-hand  portion  when  they  are  alike.  Compare  these 
figures  with  the  lines  between  like  and  unlike  magnetic 
poles. 


Lines  of  Force  and  Eqtn'/><>f<  ntial         -Jl  1 
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In  these  and  all  other  figures  note  that  the  lines  start  out 
at  right  angles  to  the  conductors. 


Fig.  170. 

Fig.  170.  Here  we  have  a  positively  charged  ball  placed 
near  an  uncharged  conductor.  Note  that  as  many  lines  are 
drawn  to  leave  the  conductor  as  enter  it. 


Fig.  171. 

Fig.  171  shews  the  lines  near  the  edges  of  the  plates  of 
a  condenser. 

21O.  Tubes  of  force.  Now  in  Chapter  XIII  we  said 
it  seemed  as  if  the  magnetic  lines  which  linked  two  conductors 
acted  like  elastic  bands  drawing  them  together :  but  that  the 
lines  also  repelled  one  another.  If  we  imagine  the  electric 
line  of  force  to  have  the  same  properties,  we  can  account  for 
the  repulsion  or  attraction  between  charges  under  the  inverse 
square  law.  We  no  longer  have  action  at  a  distance:  it  is 


/•V//V///////  Tubes 

action  throughout  a  continuous  medium.  ( 'on>ider  ho\\  thi- 
hypothesis  would  account  tor  the  attraction  and  repulsion  in 
the  cases  represented  in  fiirures  KJJ!  171. 

It  i-  to  Michael  l-'arada\  that  \ve  owe  this  concept  ion. 
He  regarded  the  space  between  charged  bodies  as  filled  with 
"tubes  of  force."  These  tubes  were  in  tension  along  their 
length  and  under  pressure  at  riu'ht  anirles  to  their  length: 
that  is  to  say  they  tended  always  to  contract  and  to  push  one 
another  apart.  Only  in  an  insulator  can  they  exist:  in  a 
conductor  they  collapse  at  once. 

To  account  tor  all  the  known  laws  of  electricity  we  must 
define  a  tube  of  force  more  exactly.  On  any  charged  eon 
ductor  take  an  area  of  such  size  that  the  charge  on  it  is  one 
positive  unit  :  from  points  on  the  Ixmndary  of  this  area  draw 
lines  offeree.  Eventually  these  lines  will  end  up  on  a  second 
surface  and  enclose  there  an  area  on  which  is  unit  negative 
charge.  The  space  then  which  is  bounded  along  its  length 
by  lines  of  force  and  on  its  ends  by  unit  charges,  one  positive. 
the  other  negative,  is  a  unit  tube. 

The  number  of  tubes  therefore  that  leave  any  body 
measures  the  number  of  units  of  positive  eharire  on  that 
bod\  :  the  number  of  tubes  that  end  measures  negative  charge. 
In  the  ease  of  any  closed  surface  the  number  of  tube-  leaving 
it  eXOeedfl  the  number  entering  it  b\  the  number  of  unit-  of 
charge  enclosed. 

21 1.  Equipotential  surfaces,  as  the  name  implies,  are 
.-urtace-  at  all  points  of  which  the  potential  i-  the  >ame.  An\ 
conductor  ha-  the  same  potential  at  all  points;  hence  the 
surface  ..!' a  conductor  U  an  e<|iiipotcnt ial  -urface, 

Now  if  the  potential  at  .1  i-  the  -ame  as  at  a  iiciirhbourinir 
point  //.  it  follow-  that  the  electrical  inten-it\  in  the  direction 
AB  i-  /ero;  otherwise  \v-i-k  \\ould  be  done  a-ain-t  it  in 
taking  unit  eharire  from  .1  to  //.  The  electrical  inten-it\ 
inll-t  thei-elni-e  1x3  at  right  ati-le-  to  .|  H.  Hence  the  electric 
intcii-il\  i-  c\er\uhere  at  i-i-ht  an-le-  !«•  an\  line  drawn 
throii-h  .1  to  a  neinhbouriiiL:  point  at  the  >ame  |»otential  in 
other  \sord-  lines  of  foi'ee  cut  ei|iijp<  .tent  ial  -urfaco  at  ri 
angles. 

No\\    it    l>    -omrtime-   ea-\    to  (\\-.\\\   e<juip<  .tent  ial 
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in  such  cases  curves  normal  to  those  are  lines  of  force.  By 
way  of  illustration  take  the  cases  of  charges  of  2  and  1  placed 
at  points  A  and  B,  10  cm.  apart  The  potential  at  any  point 
due  to  a  charge  Q  at  a  distance  d  is  Q/d  (Art.  219).  Hence 
if  a  point  C  is  8  cm.  from  A  and  12  from  B,  the  potential  at  C 
must  be  f  +  TV  ;  and  the  potential  at  any  other  point  may  be 
found  in  the  same  way.  To  get  a  series  of  points  all  of  the 
same  potential,  describe  two  sets  of  circles.  In  the  figure 
illustrated,  the  first  set  of  circles  of  which  A  is  centre  has 


A  +  2 


B+1 


Fig.  172. 
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radii  2,  — ,  —,...•-  cm.,  so  that  the  potentials  due  to  the 
*y    *o        *  J 

charge  at  A  at  points  on  these  circles  are  1,  -9,  '8,  ...  "1.     The 

second  set,  centre  B,  has  radii  1,  -,—,...—,  so  that  the 

*y    *o         i 

potentials  due  to  the  charge  at  B  at  points  on  these  circles  are 
also  1,  '9,  '8,  ...  '1. 

If  now  we  wish  to  trace  the  locus  of  points  the  potential 
of  which  is  let  us  say  '5,  we  find,  (if  they  exist),  the  points  of 
intersection  of  the  circles  marked  '2  and  *3  ;  *3  and  '2,  etc. 

The  other  points  marked  on  this  particular  curve  are 
obtained  by  finding  the  points  of  intersection  of  the  circles  of 
potential  *35  and  '15;  '25  and  '25,  etc. 

212.  Properties  of  lines  of  force.  The  following 
properties  should  be  remembered: 

(1)  They  start  from  places  positively  electrified  and  end 
on  places  negatively  electrified. 


Law  of  Force  -j  1  :> 

(2)     Two  lines  of  force  cannot  cross. 

<:*»  They  cai  nint  exist  in  the  interior  of  a  conductor  which 
contains  nn  cliarged  body. 

(  1 )      Kver\   line  of  force  is  a  line  of  decreasing  potential. 

(5)  A  line  cannnt  l>ci:iu  and  end  nn  the  same  conductor. 

(6)  They    meet  surfaces  of  c<|iiipotcntial  (and  therefore 
all  conductors)  at  right  angles. 

The  lines  inside  a  conductor  are  quite  independent 
of  those  outside1,  and   vice    versa. 

213.  Measurement  of  charge.  The  electroscope 
a  fiords  a  rouii'h  means  of  comparing  charges.  Suppose  a 
metal  vessel  is  placed  on  the  cap  of  an  electroscope,  and 
two  equally  charired  bodies  are  introduced,  they  will  produce 
a  divergence  in  the  leaves.  Now  if  the  two  bodies  are 
removed,  and  another  charged  body  introduced  which  pro- 
duces the  same  divergence  in  the  leaves  as  before,  the  charge 
on  this  body  is  twice  as  great  as  the  charge  on  either  of  the 
first  two. 

Unit  charge. 

\Ve  say  that  a  body  has  unit  charge  when  it  repels  a  bod\ 
having  an  exacth  >iuiilar  charge  with  a  force  of  one  d\ue.  the 
bodie-  Item- one  centimetre  apart  in  r<n-n<>. 

The  charge  on  any  bod\  can  be  measured  b\  the  fbrCC  in 
dynes  which  it  will  exert  on  a  body  with  unit  charge  at  a 
di-tauce  of  one  cent  iuiet  re. 

The  eleetro-tatic  unit  char-re,  defined  in  thi>  ua\.  i-  <|iiite 
different  from  the  coulomb.  A  direct  couiparixui  nf  the  t\\o 
i-  not  readil\  made  but  the  coulomb  i-  i'oii-|il\  e«|ii;d  to  about 
,'J  X  10'  electrostatic  unit-. 

The  l<itr*  of  force  between  charged  bodies  are  as  folio  \s 

ill      Similarls     charged     bodie-    r</></    each    other.        hi- 
-imilarlx   charged  bodies  uffnirf  each  other. 

(2)  The  force  bet  \\eeii  t  \\ o  charired  Inidie-  /'//  9OCUO  i- 
mea-ured  b\  the  product  «»f  their  ehar-e-  divided  b\  the 
sijuare  of  the  di-taiice  bc-t\\een  them. 

'I'he  second  law.  the  lau  of  iu\»-r-e  -<|iiare8,  MT88  tesU'd  b\ 
Coulomb  on  hi-  Tnr-inn  I'.alancc.  A  umre  ri-id  proof  ,,f  it. 
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however,  can  be  deduced  from  the  fact  that  no  charge  will 
remain  in  the  inside  of  a  conductor. 

214.  Proof  of  the  law  of  force.  Take  any  point  O 
inside  a  charged  conducting  sphere.  Through  0  draw  any 
chord  AOB.  Xow  let  a  line  POQ 
pass  through  0  and  revolve  round 
the  chord,  so  as  to  cut  out  a  small 
area  round  each  of  the  points  A  and 
B.  Call  these  areas  a  and  b. 

If  we  assume  the  law  of  inverse 
squares,  then  the  force  on  unit  charge 

ao-  x  I 
at  0  due  to  the  charge  on  a 


and   that   due   to   the   charge    on 

b  =  -2  >  °"  being  the  surface  density  of  the  charge.     But, 


since  the  areas  a  and  b  are  proportional  to  the  squares  of 
their  distances  from  0, 

a         b 


The  forces  due  to  the  charges  on  the  two  parts  a  and  b  of 
the  surface  will  therefore  exactly  counterbalance. 

The  whole  surface  of  the  sphere  can  be  cut  up  into  op- 
posing parts  in  this  way.  The  charge  on  the  sphere  will  thus 
exert  no  force  on  a  charged  body  placed  inside  it. 

Now  suppose  the  law  of  inverse  squares  does  not  hold,  and 
that  the  force  falls  off  faster  with  the  distance  than  it  would 
under  the  law.  The  parts  far  from  0  would  have  their 
influence  decreased  more  than  the  parts  near  O. 

Draw  through  0  a  plane  perpendicular  to  the  diameter 
through  O,  cutting  the  sphere  into  two  parts,  the  cap  and  the 
base.  Let  the  sphere  be  positively  charged  and  a  positive 
charge  be  placed  at  0.  Then  as  shewn  above,  the  push  of 
the  cap  on  the  charge  at  O  is  exactly  equal  to  the  push  of  the 
base  if  the  law  of  inverse  squares  is  true  ;  so  that,  an  our 
supposition,  the  push  of  the  cap  would  be  greater  than  the 
push  of  the  base,  and  the  charge  at  0  would  be  driven  to  the 
centre  and  would  not  go  to  the  outside  of  the  sphere  if 
connected  with  it.  This  is  contrary  to  the  Cavendish  ex- 
periment. 
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If  on  the  other  hand  we  a— nine  that  the  force  tall>  oft' 
,,,<>,-<  >7o//7//  than  it  would  under  the  law  of  inverse  squares, 
the  ha-e  \\ould  get  the  advantage  over  the  cap.  with  the 
re-nlt  that  a  nc_  -har.ire  would  not  go  to  the  outside  of 

the  sphere.  This  airaiu  contradicts  experiment. 

The  law  of  inverse  squares  nniM  therefore  hold. 


EXAMPLES 

1.  A  charged  hall  is  near  a  large  earthed  metal  plate.     Draw  the  line- 
of  force  and  equipotential  surfaces. 

2.  Draw  the  lines  offeree  and  the  equipotential  surfaces  due  to  charge* 
nd  —1  on  spheres  of  radius  one  centimetre  placed  1<»  em.  apart. 

3.  Draw  the  lines  of  force  between  two  spheres,  one  surrounding  the 

otlu-r  l.ut  not  comvntrie  with  it 

4.  Draw  the  lines  of  force  in  the  following  eases: 
(a)    two  positive  equally  charged  spheres, 

(6)     two  equally  charged  spheres,  one  positive  and  one  liegatiu-. 
(c)     a  parallel  plate  condenser. 

5.  A  small  jHisitively  charged  >phriv  is  placed  near  one  end  of  a  small 
insulated    uncharged   cylinder,   and    l»oth  are  placed   near  the  centre  of  a 
large  spherical  metallic  shell  connected  with  the  earth.      1  >c-cril'c  in  general 
trrm-.  the  di>tril»ution  of  the  charges  on  the  l»odirs  and  -ketch  the  lines  of 

item 

6.  What   will   Ke  the  nature   of  the  rquipotcntial   surfaces    1     due  to  a 
Charged  Sphere,  (2)  iM-tween  the  plates  of  a  lai-ge  parallel  plate  condenser? 

7.  hcM-riKc   tin-   action   ..f    the  electr'»pho|-ii>   and    draw    diagrams   to 
illustrate  the  cha!igr>  in  the  tiel«l  of  electrir  f.m •«•  a>     1     the  plate  i-  brought 
do\\n  ..n  to  tip-  i-harireil  elionite  Omke,     '-'     the  |«lale    i-   eartheil,  (3)  the   pl.ite 
i*  renii.\ed  l.y  it-  in-ulatini:  handle. 


CHAPTER    XXIII 


MATHEMATICS   OF   ELECTROSTATICS 

215.  Gauss's  Theorem.     In  current  electricity  (Art 
123)  we  defined  the  flux  across  an  area,  or  the  number  of 
lines  of  force  passing  through  it,  as  the  product  of  the  area 
and  the  normal  intensity  of  the  field;  and  we  saw  that  it 
became  necessary  to  attach  4-rr  lines  to  each  unit  pole.     In 
static  electricity  it  is  usual  to  vary  the  method.    To  each  unit 
charge  we  imagine  one  line  or  Faraday  tube  to  be  attached : 
these  tubes   cannot  subdivide   and  can   only   end  on   unit 
negative  charges  :  as  a  consequence  it  follows  from  arguments 
exactly  similar  to  those   in   Art.   123,  that   the  number  of 
Faraday  tubes  which  cross  an  area  is  to  be  measured  by  the 
product  of  the  normal  intensity  and  the  area  divided  by  4?r. 
That  these  two  definitions  are  consistent  in  the  case  of  a 
sphere  surrounding  a  charge  at  the  centre  is  readily  under- 
stood; that  it  is  true  always  was  shewn  by  Gauss  and  the 
result  is  known   as   Gauss's  Theorem.     The  usual   form  of 
statement  is  that  the  total  normal  induction  over  any  closed 
surface  is  equal  to  4?r  times  the  total  interior  charge  ;  the 
total  normal  induction  being  defined  as  JNdS  taken  over  the 
whole  surface  where  N  is  the  outward  normal  intensity  at  an 
element  dS  of  surface. 

Some  important  consequences  follow  readily. 

216.  Force  due  to  charge  on  a  sphere.     Suppose  a 
charge  Q  is  uniformly  distributed  over  a  spherical  conducting 
surface.   All  its  Q  tubes  must  by  symmetry  be  radial.   Imagine 
a  concentric  spherical  surface,  radius  r,  to  surround  this: 


Infinite  Plane 


every   tuU'  must  cut   this   normally  and  the  intensity   mu-t 
everywhere  on  the  surface  In1  the  same;  but 

intensity  x  area  -=-  ATT  =  numtar  of  tubes  ; 
hence  intensity  =  4-rr  x  Q  -4-  4-rrr2  =  Q/r2. 

In  other  words  the  force  due  to  a  uniformly  charged 
sphere  at  any  outside  point  is  the  same  as  if  the  charm-  were 
concentrated  at  the  centre.  (See  also  Art  220  for  alternative 

proof,  i 

217.  Infinite  plane.  Consider  a  plane  of  infinite 
extent  uniformly  charged  with  surface  density  a.  Consider 
the  force  at  a  point  P.  Take  a 
point  /*'  directly  opposite  to  P. 
Round  PP'  as  axis  imagine  a  little 
cylinder  to  he  described  of  cross 
section  a.  This  must  enclose  a 
charge  -JLV  and  the  a<r  tul)es  of  force 
attached  must  be  normal  to  the 
surface,  half  pa>sinu'  normally  each 
end  of  the  cylinder. 

Hence          intensity  at  P  x  area  ^-  4?r  =  A 


Fig.  174. 


i.e.    intensity  = 

Hence  the  force  due  to  a  char-red  plane  of  infinite  extent 
i-  JTTO-  at  all  points,  independent  of  dNtance.  (See  a  No 
An.  ih>l.) 

218.  Force  outside  a  conductor.  Suppose  /'  i-  a 
point  ju-t  outside  the  >urfacc  of  a  conductor  and  that  the 
surface  den-ity  near  P  is  a.  Take 
:in\  point  /''  in  the  material  of  the 
conductor  jiM  oppo-itr  to  /'  and 
ivirard  /'/''  as  the  a\i-  of  a  -hort 
exlinder  of  cro»  -cction  a. 

\o\\  i  1  i  the  l';ira<la\  tube-  near 
P  are  normal  to  the  surface,  for  line- 
of  force  mu-t  cut  conductor-  at  ri-ht 
an-le-.  cJ)  no  lines  or  tube-  of  force 

can  exNt  in  the  interi«»r  of  a  conductor.      Hence  the  I,T  ml*-- 
niiached  to  the  area  a  on  the  surface  endo-ed  h\  the  c\lindci 


Pig.  175. 
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must  all  pass  out  normally  through  the  end  of  the  cylinder 
at  P  so  that 

intensity  at  P  x  area  a  -r-  4?r  =  c«r, 

i.e.  the  intensity  =  \TTO-. 

This  intensity  is  not  due  to  the  charge  on  the  conductor 
only  ;  it  is  due  to  that  charge  and  to  every  other  charge  in 
existence.  The  force  due  to  a  plane  of  infinite  extent  is  2?ro-, 
but  such  a  charge  cannot  exist  without  the  corresponding 
opposite  charge,  the  intensity  due  to  which  must  also  be  STTO-. 
(See  also  Art.  222.) 

219.     The  potential  at  a  point  due  to  a  charge  e  at  a 

distance  d  is  -j . 
a 


Fig.  176. 

Let  P  be  any  point  in  the  path  along  which  a  unit  charge 
is  brought  up  from  infinity  to  a  point,  distance  d  from  a 
charge  e  situated  at  0.  Let  Q  be  a  point  close  to  P  on  this 
path.  Denote  OP  by  r,  OQ  by  r  +  dr ;  the  work  done  by 
the  electrical  force  in  pushing  a  unit  charge  from  P  to 
Q  =  force  x  distance  moved  in  direction  of  the  force 

6X1 

-fr  x  dr. 

Therefore  total  work  in  pushing  a  unit  charge  from  A  to 
an  infinite  distance 


f  °°  e 

^    I       


e 
d' 


Potential  (/tff  to  Sphere  ±M 

Therefore  work  done  a^ain-t  the  electrical  force  i 

j| 

a  unit  charge  up  to  A  from  an  infinite  distance  is  -3 


tlii>  it  follows  that  the  potential  at  any  point  due  to 
an\    number  of  different   charges  e,,  e*,  63,  ...  at  distances 

'/  .  </  .  ^/,,  ...  is 


22O.     Charged  Sphere.       At  any  external  point  the  potential 
due  to  a  uniformly  dianred  spin-re  is  tlie  same  as  if  ;ill  the  charge 

nt  rated  at  the  centre.     Let  or  be  the  surface  density;  we  are  going  to 
find  the  potential  at  an  external  point  O. 

Let  P  be  a  point  on  the  sphere,  OCP  =  6,  OCQ  =  6  +  dO. 
If  the  figure  revolves  about  the  line  OC,  the  element  I*Q  will  describe 
an  anulus:  the  area  of  this  =  breadth  xi  -in  umference 

=  PQ  x  2rra  sin  6,        if  a  =  radius  of  sphere, 


Fig.  177. 

Tlirr-  itial  at  O  due  to  the  rharire  on  this  ring 

charge 
distance 
er  X  : 

<>r 

= 2tra*<r  sin  6  d6\r,        if  OP  -  r. 


.Hate  thi>  \\ith  respect  to  t\  ;md  we  get 

/•     •_'•//  -in  • 

Hen  i  dm-  t"  ring 
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potential  at  0  due  to  sphere    =  a-  I          r-j-dr 

J  OA       t 


2ir<ra 


(OA'-OA) 


total  charge 
distance  from  centre ' 

Since  at  any  point  outside  a  uniformly  charged  sphere  the  potential 
is  the  same  as  if  the  charge  were  concentrated  at  the  centre,  it  follows  that 
the  force  also  must  be  the  same:  for  the  magnitude  of  the  force  may 
always  be  found  by  differentiating  the  potential. 

Hence  the  force  outside  a  uniformly  charged  sphere 

=  total  charge /(distance  from  centre)2. 

Now  we  know  that  there  is  no  force  inside  a  uniformly  charged  sphere : 
no  work  can  then  be  done  in  moving  a  unit  charge  about  inside  such  and 
the  potential  must  be  constant. 

The  potential  then  of  a  uniformly  charged  sphere  is  constant  at  all 

points  and  equal  to  the  surface  value,  i.e.  to  — 5*-  . 

The  capacity  of  a  sphere  is  its  charge  divided  by  its  potential :  from 
this  it  follows  that  the  capacity  of  a  sphere  is  measured  by  its  radius. 

221.  Infinite  Plane.  The  force  at  any  point  due  to  a  charged 
plane  of  infinite  extent  is  2770-. 

Let  0  be  the  point :  ON  the  perpen- 
dicular from  0  on  the  infinite  plane. 

Let  OP  be  a  radius  vector  from  O  to 
the  plane  making  an  angle  &  with  ON. 
Let  Q  be  a  point  in  NP  near  P  so  that 
POQ=d6. 

Let  the  figure  revolve  round  ON  as 
axis:  the  line  NPQ  will  sweep  out 
the  infinite  plane,  PQ  a  ring  of  area 
ZirNP.PQ. 

Each  element  of  this  ring  exerts  a 

force  at  0 :  the  resultant  must  be  in  the      

direction  NO  and  its  magnitude  the  sum 
of  the  resolved  parts  of  the  forces  due 
to  each  element. 

Hence  force  due  to  ring  =  o- .  27r  .  NP .  PQ  cos  6/OP2, 


N 

Fig.  178. 


P  Q 


and  OP  =  hscc0, 

hence  the  force  due  to  ring 


and  the  force  due  to  plane 


•I, 


Parallel  Plate  Condenser 

222.  The  intensity  of  the  field  just  outside  any 
conductor  is  irr<r.  Suppose  o  is  any  point  just  outside  a  conductor. 
The  surface  density  near  0  is  a.  Consider  a  }>ortion  of  the  surface  near  0: 
compared  with  the  rest  of  the  conductor,  this  portion  is  to  be  small,  hut 
compared  with  the  distance  of  0  from  it,  it  is  to  be  great.  This  is  evidently 
possible,  for  there  is  no  limit  to  the  closeness  of  O  to  the  surface.  Seen 
from  O  then  this  jMirtion  will  appear  infinite  in  extent.  By  Art.  217 
we  know  that  it  will  give  rise  to  an  intensity  of  27r<r  at  O. 

Now  the  roultant  field  at  O  is  due  to 

(1)  the   force   due  to  this  area:   call   it  F 

Q 

(2)  the  force  due  to  other  charges :  call  it  F'.  ^s     .  O 
Now  c.-nsider  a  point  O,  opposite  to  O  and 

ju>t  iioide  the  surt;i  j?ig.  179. 

The  resultant  field  at  O  is  zero,  for  there 
can  be  no  force  in  the  interior  of  a  conductor:  but  this  zero  resultant  is 
due  to 

(1)  the  force  due  to  the  area:  this  must  be  27r<r  inwards  (=-F), 

(2)  the  force  due  to  the  other  charges,  and  this  must  be  equal  to  /"', 
>.  O  are  quite  close  together. 

Hence  /-'and  F'  must  be  equal  and  opposite. 

The  roultant  field  at  0  must  therefore  be  of  magnitude  2F,  or  4ir<r. 
It  is  normal  to  the  surface. 

223.     The  capacity  of  a  plane  condenser.     \\ V  >hall 

siippoM-  that  the  plates  are  separated  bx  air  and  are  SO  close 
ilicr   that    seen   from   a  point   betxvecn   them  tliex   max   In- 
regarded  as  infinite. 

If  the  dcn-itx  of  the  charge  on  one  >nrfacc  i-  a.  that  on 
the  other  is  —  <r.  By  Art.  2:21  or  :2l7  the  force  at  any  point 
betxveen  due  to  either  plate  i>  i>7rer :  the  resultant  i>  \TT<T. 
Hence  the  xvnrk  done  in  earn  in-  a  unit  charge  across  the  irap 
i-  \~<;f.  \\here  t  is  the  di-tanee  between  the  plates;  this  is 
the  potential  difference  betxseen  them. 

The  capaeitx  of  an  area  A 

on  area  ACT          A 


potential  dilfnvner 

224-     Mechanical  force  on  the  plati--  ofn  cmidenoer. 

l-'roin  Art.  -JI7  it  fo||o\\>  that  the  force  on  unit  charue  on 
one  plate  due  to  the  eliarirc  on  the  other  i-  B»0  :  but  the  total 
cliarirc  on  either  plate  is  <r A  :  therefore  the  total  force  on  one 
plate  due  to  the  other  U  L'T<T. 
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Denoting  this  by  F,  and  the  potential  difference  by  V,  we 
have 

F  =  27T<72A, 

V  =  \-irat, 
whence  F  =  AV2/«7r£2. 

225.  Energy.  To  find  the  work  necessary  to  charge  a 
system  of  bodies. 

Take  the  case  of  any  conductor  isolated  from  other  bodies. 
Imagine  it  receives  its  charge  gradually  by  a  succession  of 
small  instalments.  To  bring  up  the  first  instalment  from 
infinity  needs  no  work  for  there  is  no  charge  to  repel  it  :  but 
to  bring  up  any  other,  work  will  have  to  be  done  against  the 
repulsion  of  the  charge  already  supplied. 

Let  the  final  charge  be  Q,  the  final  potential  V.  Then  if 
at  any  time  during  the  process  the  charge  is  £Q  the  potential 
must  then  be  kV  ;  k  being  a  fraction,  less  than  unity. 

Let  the  charge  be  increased  from  kQ  to  (k  -f  dk)  Q  by  the 
addition  of  the  charge  dk  .  Q.  The  work  necessary  to  bring 
unit  charge  from  infinity  to  the  body  is  the  potential,  i.e.  &V; 
the  work  necessary  to  bring  up  dk  .  Q  is  therefore  kV  .dk.Q. 
Hence  the  total  work  in  increasing  the  charge  from  0  to  Q 

rl 

must  be      kdkQV,  i.e.  £QV. 

Jo 

If  there  are  several  conductors  in  the  field  the  same 
argument  holds,  if  we  assume  that  the  charges  are  all  received 
gradually  at  the  same  rate.  Hence  the  energy  of  a  set  of 
conductors  at  potentials  V,,  V2,  ...  with  charges  Q,,  Qo,  ...  is 


The  energy  of  a  sphere  of  charge  Q  and  radius  a  is  ^Q'/a. 

226.  Electrometer.  The  experiments  described  in 
Current  Electricity  and  Magnetism  have  been  largely  quanti- 
tative ;  but  no  exact  measurements  have  been  taken  in  the 
section  on  Static  Electricity.  We  have  talked  about  unit 
charges  and  unit  differences  in  potential  and  have  not  troubled 
to  find  out  whether  the  measure  of  these  things  in  the  case  of 
a  piece  of  rubbed  sealing  wax  is  in  thousandths  or  in  millions. 
The  matter  is  not  of  much  importance  to  us:  still  we  shall 
describe  one  method  of  obtaining  fairly  exact  numerical 
results. 
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Fig.  !,;<»  i-  a  diagrammatic  sketch  of  an  attracted  disc 
electrometer.  It  consists  of  a  condenser  made  up  of  two 
horizontal  metal  plates:  only  the  edges  of  these  are  seen  at 

.1  />'  and  CD.  The  lower  plate  is  fixed.  The  upper  plate  is 
cut  into  two  parts: — an  outside  "guard  rim:"  and  an  inside 
di-c  A',  though  the  two  are  joined  up  together  by  a  flexible 

\\ire  ir. 

C          r^  D 


Fig.  180. 

The  disc  E  is  supported  from  one  beam  of  a  balance  so 
that  the  attraction  between  it  and  the  plate  AB  can  be 
measure*  1  when  the  condenser  is  charged 

Let  us  suppose  that  a  is  the  surface  density  and  t  the 
di>tance  between  the  plates;  then  (Art.  223)  the  electric 
intensity  between  the  plates  is  4?r<7  and  the  potential  differ- 
ence i  V  i  i-  \7rcrt. 

Also  the  attraction  between  one  plate  and  unit  charge  on 
the  other  is  ITTO-  (cf.  Art.  :2iM):  if  then  A  is  the  area  of  the 
upper  plate,  the  attraction  <F) between  it  and  the  lower  plate 
will  1x3  27r<r  x  ACT. 

From  the  eojiation- 

F  =  27T<T2A, 
V  =  477-C7/, 

eliminate  a  and  we  i:vt 


llenee  the  potential  difference  may  be  found  in  electro- 
static units  by  measurements  of  force,  distance  and  area, 

A  \sord  mu.-t  be  added  on  the  function  of  the  -niml  riim. 
The  formulae  al>ove  were  calculated  <>n  the  a--umption 
that  the  plane-  \\ere  infinite  and  that  the  field  between  the 
plate-  was  uniform.  Actualh  plate-  have  edire-  and  the  line- 
of  force  near  tin-  t-d-t  -  ha\e  lu-t-n  -he\\u  in  tiu'.  171.  l»«it  in 
an\  rase  the  centre  of  tlie  field  ln-t\\«-eii  I  \\  o  j.lates  is  unifnrm 
and  b\  u-r  of  tin-  uuard  riim  \\  e  cut  off  the  edire-  ami  -o 
avoid  thrir  di-t  iii'lmii:  elleet-. 

15 
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227.  Spheres.     The  following  results  for  charged  con- 
ducting spheres  must  be  remembered. 

(1)  At  any  point  outside  a  charged  sphere,  the  force 
exerted  on  another  charge  is  the  same  as  it  would  be  if  the 
total  charge  on  the  sphere  were  concentrated  at  the  centre. 
Hence, 

(2)  At  any  point  on  the  surface  of,  or  outside  a  sphere, 
the  potential  is  the  same  as  if  the  charge  were  concentrated 
at  the  centre. 

(3)  There  is  no  force  at  any  point  inside  a  charged  sphere, 
due  to  the  charge  on  the  sphere.     Hence, 

(4)  The  potential  at  any  point  inside  is  constant,  and 
equal  to  the  value  on  the  surface  (2). 

The  potential  of  an  insulated  sphere  is  thus  equal  to  the 
charge  divided  by  the  radius. 

(5)  The  capacity  of  a  sphere  is  measured  by  the  radius. 

228.  Capacity  of  a  spherical  condenser.     Let  a,  b 
be  the  radii  of  the  spheres  A,  B.     Let  a  charge  Q  be  given 
to  A  :  it  will  induce  a  charge 

—  Q  on  the  inner  surface  of  B. 
If  B  is  earthed  it  can  have 
no  charge  on  the  outside  and 
its  potential  must  be  zero. 
The  potential  of  A  due  to  the 
charge  Q  on  itself  =  Q/a,  and 
the  potential  of  A  due  to  the 
charge  —  Q  on  B  =  —  Q/b. 

Hence  potential  of  A 
/I  _  1  \ 
\a     b/ '  Fig.  isi. 

Divide  the  charge  by  this 

and  we  get  for  the  capacity  the  expression  j—  -  . 

o     d 

If  we  imagine  both  radii  to  become  very  large  while  the 
thickness  remains  small  and  equal  to  t,  we  find  that  the 

capacity  per  unit  area  of  a  plane  surface  is  — - .    (See  also 
Art.  223.) 
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EXAMPLES 

1.  At  what  di-tance  apart  must  two  charges  of  -Jo  ami  49  be  placed  to 
attract  each  other  with  a  force  of  4.1  dynes? 

2.  The   repulsion    between    tw..   equal   charges  placed    10  cm.   apart 
i-  equal  tn  tlic  weight  <»f  1  grm.      What  is  the  charge? 

3.  The  force  Between  two  charge-.  <>ne  of  which  is  double  the  other,  i- 
:s«id\ne-.      If  the  ilistancc  between   them  is  s  cm.,  what  is  the  amount  of 
each  char_ 

4.  Two  equally  charged  spheres  repel  each  other  when  their  centre- 
are  half  a   metre  apart   with   a   force  equal  to  the  weight  of  6  milligram- 
What  is  the  charge  mi  each,  in  electrostatic  unit.- 

5.  Three  equal   charges     1«J   units    are  situated  at   the  corners  of  an 
equilateral  triangle    length  of  side  =  s  cm.  .      Find   the  resultant  force  <»u 
each,  and  the  intensity  at  the  centre. 

6.  Two  charges   of  4  and   '.»  units   are   placed   .">  cm.   apart.     Kind   the 
intensity  of  the  Meld  at  points  in  the  line  joining  them  •_'  and  .'{  cm.  a\\a\ 
from  the  smaller  charge. 

7.  An  electrified  metal  l>all  is  introduced  into  a  dry  glass  tube  closed 

at  one  end.  and  then,  the  tube  being  held  in  the  hand,  is  brought   near  to 
the  cap  of  the  electroscope.     What  will  the  effect  on  the  electroscope  be  it 
'••rior  of  the  tube  (1)  is,  (2)  is  not.  covered  with  tinfoil 

8.  Tuo   -mall   similar  insulated   balls,  six   inche-  apart,  carry  charges 
+  3  ami   -7  reflectively  :   they  are  brought   in  contact   with  one  aiiothrr. 
and  then   rciiio\rd   four  inches  apart:    compare  the  forces  between   them 

and  after  the.-e  ch.r 

9.  I'lot  a  ciirxe  to  >h.-w  the  decrease  in  force  between  two  charge-  »vith 
tile  incrca-e  ill  di>tancr. 

10.  Two  unit  (barges  are  at  A  and  It.     What  force  will  U-  exerted  on 

a  unit  charge  placed     I     midwa\  l>et\\eeli  them.    '2    at  a  point   '  '.  .  I  H<    Kein- 

an  equilateral  triangle,  if  AB=~>  cm. 

11.  Three  Leyden  jars  of  e;i|iaciti< •-  f '  .  'j,  C3  are  arranged  in  case 

ith  th<-  inner  eoatinur  "f  "lie  eonnected  to  the  oilter  of  the  next  Kind 
the  capacilv  ..f  the  aiTaniremeiit  when  the  inner  coating  of  the  fir-t  i- 
<  li .Hired  and  the  ..liter  coatin-  of  the  la-t  i-  put  to  earth.  Would  Mich  an 
arrangement  be  ..( ';(n\  prai-tieal  U.HO  ? 

12.  What  i-  meant  b\  cliai-iiiir  I. «\  den  i.n->  iii  cascade?    Three  Le} 
irboM  .  .ip.M  nics  are  £,  1,  1^  are  arranged  in  cascade.     What  i-  the 

capacitv  nf  the  «  Mm!, in. iti»n 

13.  A   conductin-  >phere.  ,,f  ,|i.m ,rti-r  ft,   ||  aleotriflad   witli    ' 

.•ntri.-illy    \\ithin    an    in-ulaied    and    mieh-et  • 

hulliiw    eoiidlletinir    -phere    fonne. I    of   two    hemi-l'l  hiekne  — 

internal   di.in id. •!    7.     Iht  <Ml  Ken  put  to  earth.     DeU'r- 

the  potential  ..f  :he  inner  -ph.  ,.,.(  after  the  outer  H|)horo  U  earth 

conn- 
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14.  Spheres  A  and  B  of  radii  4  and  -2  cm.  have  charges  of  16  units 
each.     What  will  be  (1)  their  potentials,   (2)  their  densities,   (3)  their 
capacities  ?     If  they  are  joined  by  a  long  thin  wire,  what  will  be  (1)  their 
total  charges,  (2)  their  potentials,  (3)  their  densities  ? 

15.  Within  a  spherical  vessel  of  brass  1  cm.  thick,  the  external  diameter 
of  which  is  14  cm.,  a  brass  ball  8  cm.  in  diameter  is  hung  by  a  silk  thread 
so  that  the  centres  of  the  two  spheres  coincide.     If  the  ball  is  charged  with 
36  units  of  positive  electricity,  and  if  the  potential  of  the  vessel  is  7,  what 
is  the  potential  of  the  ball  ? 

16.  If  100  ergs  must  be  done  in  order  to  move  u  charge  of  4  units  from 
a  place  where  the  potential  is  —  10  to  another  place  where  the  potential  is 
F,  what  is  the  value  of  V  ? 

17.  Charges  of  1,  2,  3  are  placed  at  the  corners  of  ABC,  an  equilateral 
triangle  (side  =  8  cm.) ;  find  the  potential  at  the  centre.     If  the  charge  at  C 
were  —  3,  what  would  the  potential  at  the  centre  be  ? 

18.  Two    insulated  and  widely  separated   metallic    spheres    receive 
charges  of  positive  electricity   which  raise  their  potentials  to  4  and  5 
respectively.     The  densities  of  the  charges  being  in  the  ratio  4  : 9,  compare 
the  radii  of  the  balls. 

19.  Find  the  work  done  in  charging  a  sphere  of  10  cm.  radius  with 
50  units. 

20.  The  capacity  of  a  conductor  is  20  c.o.s.  units.    What  must  be  its 
charge  in  order  that  its  energy  may  be  1000  ergs  ? 

21.  An  insulated  charged  sphere,  3  in.  in  radius,  is  joined  by  a  long 
wire  to  another  6  in.  in  radius  ;  what  is  the  relation  between  the  energy  of 
the  charged  sphere  before  and  after  connecting  ? 

22.  The  potential  of  a  sphere  is  30  units,  and  its  energy  80  ergs. 
What  is  (1)  its  charge,  (2)  its  capacity,  (3)  its  surface  density  ? 

23.  How  much  energy  is  expended  in  carrying  a  charge  of  50  units  of 
electricity  from  a  place  where  the  potential  is  20  to  another  where  it  is  30  ? 

24.  An  insulated  uncharged  metal  sphere  is  placed  at  a  certain  distance 
from  another  precisely  similar  but  charged  sphere.     If  the  two  spheres  be 
connected  by  a  fine  wire,  will  (1)  the  quantity  of  electricity  which  passes, 
(2)  the  energy  of  the  discharge,  be  affected  by  the  distance  between  the 
spheres  at  the  moment  when  the  discharge  takes  place  ? 

25.  If  the  area  of  the  surface  of  the  attracted  disc  in  a  guard  ring 
electrometer  be  88  sq.  cm.,  the  attraction  between  the  discs  2016  dynes, 
when  the  distance  between  them  is  3  cm.,  find  the  difference  of  potential. 

26.  How  would  you  use  an  electrometer  to  compare  the  E.M.P.'S  of 
two  cells  ? 

27.  An  insulated  metal  plate,  10  cms.  in  diameter,  is  charged  with 
electricity  and  supported  horizontally  at  a  distance  of  1  millimetre  below  a 
similar  plate  suspended  from  a  balance  and  connected  to  earth.     If  the 
attraction  is  balanced  by  the  weight  of  one  decigram,  find  the  charge  on 
the  plate. 
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28.  What  loss  of  electrical  energy  occurs   when  a  charged  sphere 
shares  its  charge  with  another  of  the  same  radius  '{     What  becomes  of  this 
energy  ?    Under  what  circumstances  is  the  loss  a  maximum  ? 

29.  Find   tin-   electric  inten>ity  at  a  point  due  to  a  long  cylinder 
uniformly  charged. 

30.  Find  the  capacity  per  unit  length  of  a  cylindrical  condenser. 

31.  Two  spheres --radii  /•  and  2r — widely  separated  are  charged  up  to 

have  surface  densities  of  <r  and   -  <T.      Find  the  loss  in  energy  when  the  t\\" 
are  joined  up  by  a  wire. 

32.  What  is  the  rapacity  of  a  sphere  radiu>  H)  mi.  which  surround.*  a 
concentric  earthed  sphere  of  radius  5  cm.  '. 

33.  Shew  that  the  sectional  area  of  a  Faraday  tube  is  inversely  pro- 
portional to  the  inten>ity. 

34.  A  spherical  condenser  is  discharged  by  alternate  contact.     1' 
that  the  charges  decrease  in  geometrical  progression. 

35.  Two  spheres  rarh  of  radius  a  cam-ing  a  positive  charge  e  are  a 
great  distance  //  apart     Find  the  potential  of  each  and  the  energy  of  the 
-\-tem.     If  the  distance  between  them  is  halved,  what  would  be  the  gain  in 
energy  ? 

36.  If  the  electric  potential  over  a  certain  region  of  the  earth's  surface 
increases  with   height    at   the  rate   <'f  lm  volt>  for  each   metre  above  the 
surface,  what  is  the  charge  per  >«piare  centimetre  of  the  ground 

37.  How  w,,uld  you  test  whether  two  chariro  were,  or  were  not.  exactly 
equal  ? 

38.  A    ball    radius   '/   is   surrounded    by   a    concentric    >pherical    shell. 
internal  radiu-  /•.  external  radiu-  ft     The  inner  ball  h;u*  a  charge  7  but    i- 

•ro  potential:  find   the  charges  on  the  -m-faces    of   the  shell  and  the 

lial. 

39.  Two  e.|ii;il  xphrres.  A  and  /{.  carry  rhari:e>  Q  and  -Q.     They  are 
widely    Ht-jiarateil.       A    third    e-plal   UUcharired  sj.lu-re  f'lnakrs  contact  first 
with  J.  then  with  //and  then  with  A  a-ain.      Find   tin-  charire^  left 

and    /A 

40.  T\\o  \,T\   -mall  >|.licrcs.  each  of  nia»n|   L-ni .,  Mopcmleil  by  e«|ual 
light    ilMllatilii:    threads    arc    char-ed    with     '.\    and     1    cl«'ctro>(atic    III 
p«.-iti\e  «•!«•( -iri.  it\  .uid  arc  found  t  •  in    apart.      Find  the  length  of 
tin-  -u-pendini:  threada. 

41.  >hcu    that  a  conduct. .r  which  luuj  a  charr 

-ubjrct  t«.  a  mechanical  !•  ,  ach  unit  area  of  the 
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SPECIFIC   INDUCTIVE   CAPACITY 

229.  The  dielectric.  An  electrified  ebonite  rod  exerts 
a  pull  on  a  pith  ball  near  to  it.  Is  there  anything  to  connect 
the  ball  to  the  rod  ?  A  horse  can  pull  a  cart  but  then  there 
are  traces  to  connect  the  two.  Are  there  any  traces  to 
connect  the  rod  and  the  ball  ? 

Or  take  Newton's  example  of  the  earth  and  the  apple. 
There  is  a  mutual  attraction.  No  one  knows  how  the  two  are 
connected,  but  Newton  held  it  inconceivable  that  there  was 
no  connection  between  them. 

Let  us  do  a  few  simple  experiments : 

(1)  Hold  an  electrified  rod  over  an  electroscope  :   can 
you  cut  off  or  modify  the  action  between  them  by  separating 
them  with  (a)  insulators  such  as  dry  paper,  sheet  ebonite, 
(b)  conductors  such  as  a  sheet  of  brass. 

(2)  Take  a  Leyden  jar  the  coatings  of  which  can  be 
removed.     Charge  it  up  and  let  it  stand.     Then  remove  the 
coatings  and  connect  them  together.     You  may  get  a  small 
spark.     Now  put  them  back  and  discharge  the  jar  in  the 
usual  way.     You  will  get  a  much  larger  spark. 

The  experiment  indicates  that  the  seat  of  the  electrical 
energy  is  not  in  the  conductors  but  in  the  medium  separating 
them. 

(3)  Turn  back  to  the  Epinus  condenser.     Connect  one 
plate  to  earth  and  the  other  to  an  electroscope.     Give  the 
latter  a  charge.     Now  insert  between  the  plates  a  slab  of  wax 
or  sheet  of  dry  glass,  or  ebonite,  being  careful  that  these  are 
not  charged.    (Ebonite  may  be  discharged  if  necessary  by 
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pa-in-  it  <|uickly  through  a  flame. »     Tin-  tall  of  the  leaves 
indicates  that  the  potential  difference  is  decreased  and  there 
fore  tin-  capacity  of  the  condenser  increased. 

In  wireless  telegraphy,  the  message  is  sent  by  means  of 
the  electrical  disturbance  caused  by  the  sparking  between  two 
halls.  .lust  before  the  spark  passes  the  medium  between  and 
around  the  halls  would  appear  to  \K  in  a  strained  state. 
The  release  of  the  strain  by  the  passage  of  the  spark  produces 
a  throb  which  travels  outward  through  the  medium  and  is 
detected  by  the  receiver. 

23O.  Faraday's  experiment.  The  last  experiment 
-hews  ii-  that  the  potential  difference  (and  therefore  the 
capacity)  of  a  condenser  depends  to  a  large  extent  on  the 
nature  of  the  dielectric  between  the  platea 

l-'araday  took  two  spherical  condensers  which  were  made 
exactly  alike,  but  the  dielectric  in  one  was  air  while  that  of 
thi>  other  was  shellac.  After  connect inir  the  two  insides 
together  and  the  two  outsides  to  earth,  he  charged  the  former 
and  then  removed  the  connection.  The  potential-  of  the  two 
inside-  would  thus  be  the  same,  and  also  that  of  the  oiit-ide- 
* /rn».  The  difference  of  potential  between  the  two  coatings 
would  therefore  be  the  same  in  each  condenser.  He  then 
removed  the  outside  spheres  (each,  made  up  of  two  hemi 
-phere-i  and  tested  the  charge  of  the  inner  -phere.  He 
found  that  the  charge  on  the  one  from  the  shellac  condenser 
wa«  about  double  that  of  the  other.  Since  the  conden>cr> 
\sere  -imilar.  and  there  was  initially  the  -ame  potential 
difference  between  their  coatings,  it  followed  that  the  capacity 
of  the  -hellac  condenser  wa*  about  double  that  of  the  air 
condenser. 

When  he  u-ed  petroleum  in-tead  of  -hellac.  he  found  the 
capacitx  three  tin  i«->  that  of  the  other.  Yarioii-  ni  her  number- 
irere  obtained  b\  u-in-  ditferent  -ul>-taiice-.  These  niiml»cr- 
mea-ure  what  i-  called  the  -pecilic  indilctixe  capacitx  ••!'  the 
dielectric,  that  of  air  brinur  taken  a-  unity. 

The  -.!.<.  of  h\dro.rr,,  j.  -.li-htly  less  than  that  ..f  ;iii\ 
In  -la--  the  &  l.«  .  is  about  7,  alcohol  -J."»  and  uah  i 

With   thi-  new  knoulrd-r  nf  the  dielectric  constanl 
of  our  re-nit-  require  a  little  rc\  i-i«>n. 
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Faraday's  experiment  shews  that  the  force  in  a  medium, 
the  S.LC.  of  which  is  k,  is  T  times  the  force  there  would  be  in 

vacuo  or  air. 

The  force  between  two  charges  e,  e'  at  a  distance  d  is 

ee' 
given  by  the  formula  P  =  ^ . 

0 

Potential  at  a  point,  V=  ^-,. 

The  energy  formula  remains  unaltered,  Art.  225. 

Capacity,  kA/47rt,  Art.  223. 

We  shall  not  consider  the  cases  in  which  the  medium  is 
not  homogeneous  :  but  shall  merely  state  that  the  capacity 
of  a  condenser,  the  dielectric  in  which  is  partly  air  and  partly 
of  material  the  s.i.c.  of  which  is  k,  is  the  same  as  it  would  be 

were  the  material  replaced  by  air  of  T  times  the  thickness. 

The  mechanical  pull  between  two  plates  with  fixed  charges  is 
unaltered  by  the  presence  of  a  slab  of  dielectric  such  as  wax  ; 
provided  that  the  wax  does  not  fill  the  whole  space.  If  it 

does  fill  the  whole,  the  pull  is  y  times  the  air  value. 

K 

It  is  important  to  remember  that  inductive  capacity — or, 
as  it  is  sometimes  called,  Dielectric  Constant — is  not  a  mere 
number.  We  say  that  the  specific  gravity  of  lead  is  1 1 :  but 
if  we  speak  of  its  density  we  must  say  1 1  grm.  per  c.c.  If  we 
say  that  the  s.i.c.  of  wax  is  3,  it  is  only  because  there  is  no 
name  for  the  unit  of  s.  I.  C.  Some  writers  make  a  distinction 
between  Specific  Inductive  Capacity  and  Inductive  Capacity : 
the  first  being  a  mere  ratio  and  equal  to  the  i.e.  of  the 
medium  H- i.  c.  of  air  (cf.  Specific  Gravity),  the  second  being 
the  physical  quantity  for  whose  unit  no  name  has  been 
assigned. 
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EXAMPLES 

1.  Kind   the   capacity   of  a   condenser  made  "f  -l;t->  :ui«l  copper  foil. 
The  area  of  the  foil  on  each  side  is  50  cm.  x  40  cm.:  the  thickness  of  the 
glass  is  1  .">  mm.  and  its  s.i.c.  is  6. 

2.  Two  spherical   condensers  have  internal  radii  of  .">  cm.  and  s  em.  : 
the  internal  radii  of  the  exteriors  being  6  cm.  and   HI  cm.     The  exterior 
>hell>  are  joined  to  earth;  the  inner  spheres  are  connected  together  and 

•>  e  a  total  eharire  Q.      How  is  Q  divided  if  the  dielectric  i- 
If  now  oil  (s.i.c.  =  3)  be  poured  into  the  first,  how  will  the  charges 

IK.-  affected? 

3.  Two  opjMisitely  charged  pith  balls  are  suspended  near  to  one  another 
by  fil.ro  of  silk.     Draw  the  lines  of  force  between  them.      How  will  the-e 
lino  l»e  affected  if  a  thick  slab  of  wax  be  introduced  between  them  .'     Will 
the  attraction  between  them  be  altered  ? 

4.  <  >f  two  insulated  metallic  plates,  <4  and  Z?,  which  are  placed  near 
and  parallel  to  each  other.  A  is  connected  with  the  cap  of  an  el< 

and  /.  |  charge  of  electricity.      Explain  the  behaviour  of  the  gold 

leaves  of  the  electroscope  when  a  slab  of  nnelcctrified  Milphur  is  introduced 
into  the  space  between  the  pi  ..- 

5.  A     -pherieal     conden-er    h;i>    all    external    radiil>    of    -Jil   em.    and    i> 
•  ••I  up  to  a  potential  of  .".n  eleetro>tatic  unit>  when  the  interior  sphere 

i>  connected  t"  earth.      II   the  interior  i>  in>ulated  and  the  exterior  >hell  i- 
•tied  what  i>  the  loss  in  energy  and  charge? 

6.  Two  pith  balls  are  su>peiided  by  ili-ulat  iir_r  -t  riliur>  from  two  >npp 
and     ..ppnHJtely     ehar-ed.         l>e-eril»e     the    po>ition     they    will     a>-illiic.    and 
explain    h..u    it    Would    be   affected    by    inter|.o>in-    between    the    balls   (1)  a 
plate  ..f  -ulphiir.     '-'     a   -lieet    ..f  ,..[,] 


7.  A    Mnall    ball    of  >hellac    >u>|H-nded    by    a    Ion-    >ilk    fibre    JH 
thl-oil'.'li    the    tl.ilne    ..)'   ;i    >pirit    lamp,   and    all  electrified   ball   i>  then   brought 

Will    it    be  attra.  ted.   and.    if  >o.    U|,N          What    is   the 
Dg  it  thronirli  il 

8.  Two  I.,  \den  jars,  whos*  «•«  are  1  and  2,  receive  charges  3 

and    t  pare    then-   c,,nibl!ied    el. 

after  their  knobs  have  been  in  um\ 

9.  A  ..  .ml  (  user  is  composed  of  two  .square  plates  ciu-h  «(  i«»  tin   -ide  ; 

the  plate-  ..re  i  1  1  mi.  apart.    It  i>  foniKl  that  500  ergs  are  needed  to  charge 

it  t-.  a  Certain  ••  niial.      Find  the  difference  of  jM.tcntial  and 

n--e  Mil  either  | 
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10.  Two  Leyden  jars  are  exactly  alike,  except  that  in  one  the  tinfoil 
routings  are  separated  by  glass  and  in  the  other  by  ebonite.     A  charge  of 
electricity  is  given  to  the  glass  jar,  and  the  potential  of  its  inner  coating  is 
measured.      The   charge   is   then    shared    between  the  two  jars   and   the 
potential  falls  to  0'6  of  its  former  value.     If  the  specific  inductive  capacity 
of  ebonite  be  2,  what  is  that  of  glass  ? 

11.  Briefly  describe  and  explain  the  phenomena  observed  in  the  course 
of  the  following  experiment : 

(a)  An  insulated  body  charged  with  electricity  is  held  in  \\  fixed 
position  near  the  knob  of  an  insulated  uncharged  gold  leaf  electroscope. 

(b)  A  thick  plate  of  glass  is  introduced  between  the  charged  body 
and  the  knob. 

(c)  The  knob  is  put  for  a  moment  in  electrical  communication  with 
the  earth. 

(d)  The  charged  body  is  removed. 

(e)  The  glass  plate  is  removed. 

12.  A  Leyden  jar  is  charged  to  a  potential  of  1,200  volts.     It  is  then 
connected  to  a  second  jar  having  twice  the  area  of  coating  ;  the  glass  in  the 
second  jar  is  twice  as  thick  as  that  of  the  first.     Find  the  potential  of  the 
two  jars. 

13.  Two  spheres  both  of  diameter  d  are  connected  to  the  prime 
conductor  of  an  electrical  machine.     One  of  them  is  surrounded  by  a  thin 
concentric  shell  (of  radius  d)  which  is  earth-connected  :  the  medium  between 
the  two  is  of  s.  i.  c.  3.     Compare  the  charges  on  the  spheres. 

14.  A  sphere,  radius  5  cm.,  is  surrounded  by  a  coating  of  wax  1  cm. 
thick  (s.i.c.  =  2).     This  in  turn  is  surrounded  by  another  coating  of  ebonite 
of  the  same  thickness  (s. i.e.  =  3).     The  whole  is  enclosed  by  a  thin  brass 
shell,  radius  7  cm.     If  the  outer  shell  is  earthed,  what  is  the  capacity  of  the 
condenser  ? 


Miscellaneom  Examples 


MISCELLANEOUS  EXAMPLES 

1  If  two  exactly  similar  magnets  were  arranged  with  the  intention  of 
formim:  an  a.static  pair  hut  with  their  axes  nut  set  exactly  parallel,  how 
would  the  combination  behave  when  freely  suspended  " 

2.  Two  long  thin   knitting  needles  are  each  Mi-j.cn.  led  l.y  two  threads 
.'in  cm.  long  attached  at  either  end.  so  that  the  needle-  haiiLT  in  a  hori/niital 
position   ;uid  just  touch  along  their  whole  length.     The  needle-  an-  then 
equally  magnetised,  after  which  they  repel  each  other,  so  that  the  distance 
between    them   is  -J  cm.      If  each   needle   wei-h-  .".grains  ami  •/   is  <isn  em. 
sec."8,  calculate  the  strength  of  one  of  the  poles  of  either  needle. 

3.  Prove  that  the  magnetic  fmve  exerted  by  a  short  ma-net  at  a  point 
A   on  the  line  pa—  in-  thn>u-h  it.-  centre  ami  perpendicular  to  its  axis  is 
the  same  as  the  force  exerted  at  a  point  on  the  axi-.  the  di-tanee  of  which 
from   the   centre  of  the  ma-net    i-   s'll  times  the  distance  of  ./    fnun   the 
centre. 

4.  Two  -mall  ma-net-.  eacli  of  length  /  and  moment  .!/.  are  placed  \\ith 
their  axes  in  line  and  their  centre-  at   a  di-tan.-e  /•  apart      Find  the 

of  Attraction  or  repulsion  between  them. 


5.  A  bur  ma-lift  i-  -u-jM-ndeil  by  a  wire  so  as  to  ham; 
\\\  how  much  must  the  top  end  of  the  wire  be  t\\i-ted  l«>r  the  magnet  t..  be 
deflected  IHI  from  the  magnetic  meridian,  when  for  a  deflexion  of  :tn  it  lia- 
tui-t.-d  thr,,ii-h  I-JO°? 


6.  A  bar  mairnct  i-  Mippi.rtrd  h«»ri/.i'iitally  by  a  fine  \ertical  \\ire.     The 
•  -t  lie-  in  the  ma'_rnetic  meridian  when  there  i-  no  tor-ion  in  the  uiri-. 

and  the  top  of  the  wire  niu-t  be  turned  through   IIHI    in  order  t"  dellect  the 

magnet  i-">  from  the  meridian.    Them  DMyred,  remagnettted  and 

replaeed.  and  now  the  Upper  end  of  the  \\ire  ha-  t..  be  t\\i-t«  d  lhr.'il-h    1  .".o 
the  -ame  deflexion  of  the  bar.     <  'oinpaiv  the  nn  'liu-nt-  .  «f  ll 

in  the  tu<>  cases. 

7.  A     >h"rt    hori/oiital    bar   maniiet    i-    in-  \ay-    at    it- 
mid'lle    jM.int    to   touch   a    hori/...ntal    circle,   at    tin-   centre    of   \\hich    is  a 

comp.i^    needle.        hetennin.-    the     p..  -ill.  Hi-     ..f    the     Ilia-net     in     \\hieh     the 
-    .|e!le\io||    i-   the    largest. 

8.  What    i-  the  function  of  the   "  -le      in   t  he  elect  P  .plioril* 


9.      Shew  hou    the  in.  i-n.  'tic   in.  .m.  -Ill-   ..f   tuo    iiiie.|ilall\    sir,,i,ur 
m.i\    be   .-  .....  p.ire.l    b\    DMMmtmf   them    in    the   manner  ..f   a-tati.    needles 
1    with  like.   _'   uith  tmlikc.  p..le-  :  d  ..bscrving  their  oadllations 

\\hen  -o  mounted. 
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10.  A  short  ebonite  rod,  with   a  small  electrified  knob  at  one   end, 
is  mounted  so  as  to  turn  freely  about  its  centre  in  a  horizontal  piano.     In  a 
horizontal  line  with  this  centre,  and  at  distances  from  it  of  a  quarter  and 
half  a  metre  respectively,  are  placed  insulated  balls  that  are  also  charged. 
The  rod  makes  ten  vibrations  in  a  given  time,  but  makes  thirty  vibrations 
in  the  same  time  if  the  balls  are  interchanged.    Compare  the  charges  on 
the  two  balls. 

11.  The  coil  of  a  tangent  galvanometer  is  placed  at  right  angles  to  the 
magnetic  meridian  and  a  steady  current  passes  through  it.     The  needle 
when  set  in  vibration  makes  .">  oscillations  in  a  given  time,  but  only  :\  in  the 
same  time  when  the  direction  of  the  current  is  reversed.     Compare  the 
magnetic  force  at  the  centre  of  the  coil  due  to  the  current  with  that  due  to 
the  earth. 

12.  In  a  B.  A.  bridge  the  wire  has  a  resistance  of  2'30  ohms,  A"=5  ohms, 
X=3  ohms.     The  wire  is  a  metre  long.     Find  the  position  of  the  jockey. 
If  the  cell  has  an  E.  M.  F.  of  1'2  volts  and  its  resistance  is  negligible,  find 
the  possible  error  in  the  position  of  the  jockey  if  the  galvanometer  has  a 
resistance  of  10,000  ohms  and  will  detect  a  current  of  one  microampere. 
By  how  much  could  this  error  affect  the  result  obtained  ? 

13.  Shew  that  the  potential  due  to  a  magnet  at  a  distant  point  is 
J/cos^/r2,  where  r  is  the  distance  from  the  centre,  B  the  angle  the  line 
joining  the  point  to  the  centre  makes  with  the  axis  and  M  is  the  moment. 

14.  AVhen  a  circuit  is  completed  the  current  does  not  immediately 
reach  its  final  strength  as  given  by  the  relation  C=ER.     Explain  this  and 
say  how  you  would  arrange  an  experiment  to  shew  it. 

15.  Resistance  coils  are  usually  made  by  measuring  off  a  length  of 
wire,  doubling  it  upon  itself  and  then  winding.    What  advantages  are 
there  in  this  method? 

16.  A  wire  of  resistance  r  connects  A  and  B,  two  points  in  a  circuit, 
the  resistance  of  the  remainder  of  which  is  R.    If  without  any  other  change 
being  made  A  and  B  are  also  connected  by  n-l  other  wires,  the  resistance 
of  each  of  which  is  r,  shew  that  the  heat  produced  in  the  n  wires  together 
will   be  greater  or  less  than  that  produced  originally  in  the  first  wire 
according  as  r  is  greater  or  less  than  RJn. 

17.  Power  to  the  extent  of  100,000  watts  has  to  be  carried  to  a  distance 
of  5,000  metres  with  a  loss  not  exceeding  5  per  cent.     Compare  the  cost  of 
the  copper  mains  if  the  current  has  a  voltage  of  100  with  their  cost  if  the 
voltage  be  raised  to  2,000. 

18.  Describe  as  many  methods  as  you  can  by  which  it  would  be  possible 
to  measure  currents. 

19.  A  B  is  a  line  of  infinite  length,  0  is  a  point  on  a  straight  line  drawn 
at  right  angles  to  AB  from  a  point  C  in  AB.      Unit  charges  are  placed  at 
Ci,  #2,  £3,  •••,  6,  in   AB,  where  GC^  dC2,  C3C*,  ...  subtend  the  same 
angle  6  at  0.    Shew  that  the  potential  at  O  is 

d~ l  cos  -  (a  +  6)  sin  ^  cosec  - , 
where  a  is  the  angle  subtended  at  0  by  CCn  and  OC=d. 


Miscellaneous  E.rdmles  •_':'.  7 


20.  A  condenser  is  Imilt  up  of  alternate  layers  of  tinfoil  and  para  Mined 
paper.      If  there  are  in  all  1<H  sheets  of  toil,  VI  cm.  x  1  .".  cm.,  ami  the  thick- 
ness of  the  paper  is  tMi_>:,  mi.,  and  s.  i.e.  =  3,  find  the  capacity. 

21.  For  use  in  spark  photography  a  condenser  made  of  glass  covered 
on  both  sides  with  copper  foil  was  made.     The  thickness  of  the  glass  was 
3  mm.  :  the  area  of  each  plate  00  cm.  x  60  cm.     Sparking  took  place  when 
the  1M).  reached  -_V..(MMi  volts:  and  lasted  '0000005  second.     (s.I.C.  =  5.) 

Find  (1)  capacity  of  the  condenser,  (2)  the  horse-power  at  the-  instant  of 
diseh 

22.  A  hand  electric  lamp  is  worked  liy  three  dry  cells  in  series.     It  i> 
said   to  have  an  K.  M.  F.  of  4.1  volts  on  closed  circuit   and  to  jjivc  a  lijjht  of 

for  18  hours.    Reckoning  one  watt  per  candle  power,  find  (1)  quantity 
of  /in.-  consumed,  (2)  heat  generated,  (3)  resistance  ..f  the  lamp. 


23.  The    resistance    of    a    irah  aiioineter    is    liciiur    found    on    a    metre 
i-ridire.      Its   resistance   is  actually   •_":;.',  nhins.      The  resistance  of  the 

wire  is  M-.-,]  ohm.  the  comparison  coil  js  ;{  ohms.  The  resistances  of  the  key 
and  Lattery  are  Imth  negligible.  The  K.  M.  F.  of  the  l.atten  is  •_'•;,  volts.  The 
deflection  of  the  Lralvaiiometer  when  the  jockey  is  in  its  proper  position  i* 
What  is  this  position  Find  what  alteration  there  would  l»e  in  the 
deflection  if  the  jockey  were  moved  •-'  cm.  nearer  to  the  middle. 

24.  Trove    that    the    charge  on    the  hody   of  highest  I>otential    in   an 
electric  field  must  Ke  wholly  positive. 

25.  Shew    that    the    dimensions    of   quantity    of  electricity   calculated 
electrostatically  and  clcctroinairin  tically  are  ditlerent.      What 

ilt  I 


26.  If  the  electric   hells   in   a   hoiis,-  were  found   M  l>e  out  of  working 
order,  how  would  you  try  to  find  out  what  wa> 

27.  Two   pith    halls  each  w.-i-hili-  half  a  -famine  are  tied  \>\  silk  fibres 

a  metre  |onur  to  the  same  support.     They  each  carry  the  same  ehar-e  and 
repel  one  another  M  that  th«-\  remain  ."•  cm.  apart.      Find  the  charge. 

28.  A  circular  ^old  leaf,  r.idiiis  /..  is  laid  OB  a  charged  condtu  tinir  sphei-e 

tU  ,/         I'roN,'  that    the  10«    of   eleCtliOa]   enel-\    due  to  the    reliiox 
the    leaf  is  J6»J5«/a3,  \\hen-    //  —  charge    on    sphere  and    the    capacity    of   the 
,|.aral.|e  \\ith  /».   \\hieli   i>  s|,,all  compared  with  -/ 

29.  A    parallel    plale   .-..lideliser   \l&»  A  slal»    of  dirlectrie  (&  I.  C.  •>  K 
thicknes,s  one  third  of  the  dfcttnOe  I.etueel,   the  plates,  placed  ,\mm,  tncallN 

BO  them       If  C,  and  C    !•«•  ti  i.  user  \\ith  and 

Without    the   dl>  !"'.  -tixe|\.    >hev\    that     C;       C  'K          K     f   1 

30.  Th-  >t    each   Mfl  '   -«':ip  film   I-  /.       If 

of  a  soap  bul.  hie  and  /Mhe  atiiiosph.-rie  |,iv-,u,,..  fmd          hiirgo  uec««ary 

to  double   the   n 
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31.  There  is  generally  a  considerable  potential  difference  between  two 
places  in   the  air  a  few  t'eet  apart  at  different  levels.     Could  we  therefore 
get  a  current  by  joining  up  plaees  at  ditl'erent  levels  by  an  insulated  wire? 

32.  An  earth-connected  bucket  of  water  has  a  small  hole  in  the  bottom 
through  whieh  water  falls  drop  by  drop.     It  is  suspended  in  the  air  at  a 
plaee  where  the  potential  is  not  zero.    Will  the  bucket  or  the  drops  acquire 
any  charge  .' 

33.  What  justification   have   we   for   use   of  the  term    "  quantity  of 
electricity  "  ? 

34.  In  a  polarised  relay  an  iron  armature  governed  by  a  spring  is  under 
the  influence  of  a  rod  of  iron  fixed  to  a  permanent  magnet.    Round  this  rod 
is  wrapped  a  helix  of  wire  through  which  the  current  received  passes  in  such 
a  direction  as  to  tend  to  demagnetise  the  rod  and  so  allow  the  spring  to 
bring  the  armature  into  contact  with  a  platinum  stud.     Draw  a  relay  of 
this  type  and  add  an  arrangement  to  alter  the  sensitiveness. 

35.  Make  a  careful   diagram   of  the   reversing  key  on  an   ordinary 
induction  coil  and  explain  the  action. 

36.  Two  spheres  of  radii  r,  r'  are  at  a  great  distance  d  apart ;  shew 
that  their  capacities  are  increased  in  the  ratio  d'2 :  d2  —  rr'. 

37.  The  secondaries  of  induction  coils  are  usually  wound  in  sections 
carefully  insulated  from  one  another.     Of  what  use  is  this  ? 

38.  Explain  the  fact  that  a  spark  is  seen  when  a  circuit,  in  which  a 
current  is  flowing,  is  broken.     How  could  this  sparking  be  reduced  ? 

39.  In  some  forms  of  magnetos  there  is  a  fixed  coil  and  a  fixed 
permanent  magnet:  the  flux  through  the  coil  is  altered  by  the  motion  of 
iron  pole  pieces  which  connect  the  opposite  ends  of  the  iron  core  of  the  coil 
first  with  one  pole  of  the  magnet  and  then  with  the  other.     Draw  an 
arrangement  which  would  effect  this  and  explain  its  action. 

40.  A  battery  consists  of  n  cells  in  series;  their  E.M. F.'S  are  ri,  1"2, 
1'3, 1'4, ... .   The  internal  resistance  of  each  cell  is  1  ohm.   Find  the  value  of 
n  if  a  current  of  1  ampere  can  be  passed  through  an  external  resistance  of 
5  ohms. 

41.  A  circuit  is  formed  of  a  battery  of  constant  K.M.F.  with  internal 
resistance  3'6  ohms  and  two  wires  of  resistance  3'5  and  7'3  ohms  respec- 
tively.    Find  the  ratio  of  the  amounts  of  heat  produced  in  the  wires  when 
they  are  connected  (1)  in  series,  (2)  in  parallel. 

42.  An  induction  coil  takes  current  of  2  amperes  at  100  volts.     If  the 
discharge  is  at  500,000  volts  and  the  efficiency  is  30°/0,  find  the  average 
current.     If  the  actual  duration  of  a  spark  is  only  '001  of  the  interval 
between  successive  sparks  and  there  are  20  sparks  per  second,  find  the 
energy  per  spark  and  the  rate  at  which  energy  is  dissipated  during  a 
spark. 
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43.  Then-  is  a  series  of  2n  parallel  plate-.     Kadi  i-  ,.f  area  A  and  i> 

di-tant  •/  from  those  iK-\t  to  it.  By  a  revolving  mechanical  arrangement 
plate-  numbered  1.  a iv  connected  to  one  jM.le  ,.f  a  battery  of 

E.M.  F.   r.  while  plates  •_»,  4.  «;.  ...  are  connected  t,,  t!K-  other  :   tliey  are  then 
all  disconnected,  insulated  and  are  finally  joined  up  •_'  t"  :i.   J  t..  :..  i;  U) 
l»y    insulated    connector-.      What    is   the    i».  D.    between    ]»lates   1    and 
What  charge  would  pa-  Let \\een  them  if  they  were  connected  '      What  i- 
the  energy  aii<l  capacity  <>f  the  arrangement  ju>t  before  diseharge? 

44.  F«»ur  positive  equal  charges  €  are  placed  at  the  corner.-  of  a  -.pure. 
At   the  centre  of  the  s.piare  is  situated  a  nr-atiu-  eharge.      What  must  be 
the  magnitude  of  this  negative  eharge  if  it  just  holds  the  other  charges  in 
equilibrium  .' 

45.  Two  eijual  eharges  e  revolve  at  opp..-ite  end-  of  a  diameter  ill  a 
eirele  round  a  eharjro  at  the  centre.     If  m  is  the  mass  associated  with  each 
charge,  co  the  angular  velocity  and  '/  the  radius,  find  the  charge  at  the  centre. 

46.  hevise  a   wiring  arrangement  to  enable  a  lamp  in  the  middle  of  a 
passage  t"  lie  turned  mi  or  off  l.y  >\\itches  at  either  end. 

47.  A   condenser  is  formed  of  two  parallel  plates.      Prove  that   when 
the  potentials  of  the  plates  are  kept  constant,  the  work  done  by  the  >y>tem 
in  a  Mnall  displacement  is  equal  to  the  increase  of  the  energy  of  tin-  >yst»-m. 

48.  The  plates  of  a  condeii-cr  arc  char-vd  with  a  definite  amount  of 
rleetricity  and  then  gradually  separated.      Find  the  mechanical  work  done. 
Find  also  the  change  in  potential  and  the  increase  in  electrical  energy. 

49.  If  the  plates  of  a  condenser  arc  kept  at  con-taut    potential-   l.\ 
joining  them   up  to  the  poles  of  a   battery,   find     1     the  mechanical  \\.-rk 
done  in  -eparating  them  by  a  definite  distance.    -2    the  increase  Q| 

::    the  energy  supplieil  by  the  batten 

50.  Shew    that    the    roult    of    the    prexioijs     example     illustrate>    the 
foil. .\\ini:  general  law.      If  the  potential-  of  the  conductor-  of  a  - 

kept  constant  by  batterie-  and  an  amount  of  mechanical  \\ork  W  is  done 
in  any  ili>|ilaeement.  then  an  amount  of  ener-y  L'W  is  drawn  from  the 
l.;,ttei-M--  and  the  electrical  em-riry  of  the  -\-tcin  i-  increa.-ed  by  W. 

51.  A  conden-tT  of  capacity  f  i-  connected  up  through  a  resistance  r 
battery,  the  \-.i>.  between  the  jMile>  of  which  i-  r.     >hew  that  after  a 

time  /   the  .'halve  ill   the   colideli-.  ' 

C9  (!-«"«•). 

52.  A    mi. -i  :ed    throij.L'h    a    IKHI  inductive 
redgtan.c  of   1,000,000  ohms.      ll..\v  long  will  it  take  for  |,:,lf  the  chaise 

53.  J,  n  ai,<i  //     •_•  oil,,-?-  pomt-  in  joined  up  iii  a*  many  ways  M 
poteible   i,\   .-..nduetorH  each  of  the  same  resisUince.     A  and  B  arc  also 

joinrd  to  the  terminal-  of  a  cell.      Prove  that  of  these  \n(n-  1)  • 

01, l\  ii-reiit-.  and  that   the  .  urrent   in  OM  of  Uu*O  fo  double 

th.it  in  ;n 
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54.  A  small  conductor  hangs  by  a  string  midway  between  two  equal 
positive  charges  which  are  on  the  same  level.     Shew  that  the  arrangement 
may  Itccomc  unstable  when  the  conductor  is  charged  either  with  positive 
or  negative  electricity,  but  that  the  minimum  charge  necessary  to  produce 
instability  in  the  former  case  is  twice  as  great  as  it  is  in  the  latter. 

55.  An  electrified  particle  of  mass  m  and  charge  e  is  shot  off  with 
velocity  r  in  and  at  right  angles  to  a  magnetic  field  of  strength  H.     Prove 
that  it  will  describe  a  circle  of  radius  mvleH. 

56.  An  electrified  particle,  mass  m,  charge  e,  is  projected  horizontally 
with  velocity  v  between  the  horizontal  plates  of  a  condenser  of  charge  <r 
per  unit  area.     Prove  that  it  will  begin  to  describe  a  parabola  and  find  the 
latus  rectum. 


PRACTICAL  EXERCISES 

1.  Find  the  least  E.  M.  F.  that  will  drive  a  current  through  a  dilute  acid 
voltameter  with  carbon  electrodes. 

2.  Find  the  least  E.M.F.  that  will  drive  a  steady  current  backwards 
through  a  simple  cell. 

3.  Find  the  changes  in  the  current  through  a  dilute  acid  electrolytic 
cell  as  the  E.M.F.  between  the  electrodes  is  gradually  raised  from  0  to  2 
volts.     The  E.M.F.  may  conveniently  be  varied  by  use  of  a  potentiometer 
bridge. 

4.  By  reading  ammeter,  voltmeter  and  watch,  plot  a  watt-hour  curve 
for  charging  of  an  accumulator.     Then  discharge  it  at  a  reasonable  rate 
and  take  corresponding  readings.    Compare  the  total  intake  of  energy  with 
the  output. 

5.  A  rod  pointing  North  and  South,  placed  an  inch  above  the  table, 
carries  a  current.    Trace  the  lines  of  force  on  the  table. 

6.  Thrust  two  magnetised  needles  through  a  cork  (1)  parallel  with  like 
poles  together,  (2)  parallel  with  unlike  together,  (3)  with  axes  at  right 
angles.     By  the  method  of  oscillation  compare  the  moments  of  the  com- 
binations in  the  three  cases.    If  M\,  M2  are  the  moments,  separately  verify 


that  */J/iz  +  3/22  is  the  moment  of  the  right-angled  combination.     From 
the  first  two  arrangements  find  MI  :  Af2. 

Find  the  directions  of  the  axis  of  the  combinations  (3)  and  shew  that 

the  angle  it  makes  with  one  of  the  needles  is  tan"1  -^  . 

7.  Arrange  the  given  metals  in  a  list  so  that  each  is  electro-positive  to 
those  following. 

8.  Place  roughly  in  order  of  conductivity  :  iron,  hot  glass,  warm  glass, 
cold  glass,  ebonite,  cotton,  silk  and  flannel. 


Exercises 


9.  Find  the  magnetic  axis  of  the  given 

10.  Compare  the  intensities  of  the  tic-Ms  at  two  places. 

11.  By  means  ..f  a  condensing  electroscope  determine  the  i»ositive  jiole 
_riven  halt- 

12.  Determine  the  magnetic  condition  of  a  given  bar. 

13.  Determine  the  sign  «»f  tlie  electrification  of  brass  rubbed  on  paper. 

14.  1'laee   the   following  materials  in   eleetrie  order,  i.e.  so  that  any 
when  rubl>cd  on  one  following  it  in  the  list  is  positively  electrified.     Fur. 
.Dealing  wax,  brass,  silk,  brown  paper,  glass,  flannel,  sheet  rubber. 

15.  Verify  experimentally  that  the  conductivity  of  two  wires  joined  in 
parallel  is  mc:tsured  by  the  sum  of  their  conductivities. 

16.  (  'onipare  the  K.  M.  F.'S  of  two  cells  by  arranging  them  (1)  in  parallel, 
(2)  in  opposition,  using  a  tangent  galvanometer. 

17.  Kind  a  point  on  the  axis  produced  of  the  given  magnet  at  which 
the  hori/ontal  intensity  is  xero,  and  assuming  //  =  '1S  find  the  moment  of 
the  magnet. 

18.  The  N.  end  of  a  long  vertical   magnet  is  placed  on  a  horizontal 
table.     Draw   the   lines   of  force,   and   calculate  the  strength  of  the  pole 
assuming  //='18. 

19.  Compare  the  deflexion  produced  in  a  given  galvanometer  by  the 
K.M.F.  (1)  when  the  whole  current  passes  through  the  instrument,    '2    when 
the  galvanometer  is  shunted    by  a  shunt   of  given    resistance,  and   thence 
deduce  the  reliance  of  the  galvanometer.     The  resistance  of  the  current 
external  to  the  galvanometer  will  be  given. 

20.  Divide  the  given   wire  into  two  length-  -,,  that  \\hen  the  divided 
lengths    arc    placed    in    parallel    their    resistance    as    compared    with    the 
resist  ii  ice  of  the  nndiviiled  wire  is  5:36. 

21.  Kind  the  number  of  turns  of  \\ire  "ii  the  given  ring. 

22.  Kind    the    resistance   of   a    tali-cut    galvanometer,    a    coil   of   known 
resistance  l»ciiig  supplied  and  a  cell  ••!'  negligible  resistance. 

23.  The  -iveii  wire  has  a  constant  current    Houm-  throii-h   it       Find 
two   |M>ints   on    it    Mich    that    their  difference   of   potential    shall    be   half  that 
between   the  terminals  of  a   -i\en   cell  on   open   circuit. 

24.  Uein-  pn.\ided   \\ith  a   Daniell  cell.   K.M.r.    It's  1  a  coil  of 
known    n  -                    i.-termine    the    rediu-ti-.n    factor   of   the    uncn    tangent 
galvaii'.in 

25.  Find  the  maximum   -tien-th   of  po|,-  that   can   IK'  induced   in   the 
given  bar  by  haium.-rin-   it    when   in   a   \eriical   p.^iiion 

26.  Kmploy  the  method  of  ..^-illation  t<>  determine  the  total  h.iri/..ni.il 

mgnetie    f,,ree    at    each    of    the    j.liees    A    and    //.       Assume    till*  Villlle   "\     U 

27.  Det.-niiine  the  mean  c.M-Hicirnt   of  MM  ie;u*e  of  resisUnoe  of  the 
-i\en  win-  on  betofl  defied  from  "  <     to  •' 

28.  Tt*t  the  gi\ei.  win  f..r  unif..rmit\  of  resisUnoe. 

16 
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29.  Tlie  E.M.P.  of  a  copper  iron  junction  with  one  temperature  at  0°  C. 
ami  the  other  at  alxmt  100°  (.'.  is  too  small  to  be  measured  by  an  ordinary 
millivoltmeter.     It  is.  however,  possible  to  obtain   satisfactory  results  by 
tlie  use  of  a  reflecting  galvanometer  of  high  resistance.     To  do  this,  join 
the  copper  leads  to  the  galvanometer.     Keep  one  junction  in  a  bath  of 
boiling  water  and  the  other  in  a  bath  kept  at  0°  C.  by  ice  and  water. 
Start   with  the  hot  junction  at  the  highest  temperature  you  intend  to 
employ.     If  you  find  the  light  spot  comes  oft'  the  scale,  insert  a  resistance 
in  the  galvanometer  circuit  of  such  magnitude  that  the  spot  is  near  the 
end.     Read  the  exact  deflection  and  temperature.     As  the  temperature 
falls  other  readings  must  be  taken.     Tabulate  scale  reading  and  tempera- 
ture.    Assume  that  the  E.M.F.  is  proportional  to  the  deflection.     To  get  the 
actual  electromotive  force  it  is  necessary  to  know  the  resistance  of  the 
circuit  and  the  deflection  produced  for  some  known  current. 

30.  Make  up  a  Daniell  cell  and  find  the  P.D.  between  its  poles  by  a 
voltmeter : 

(1)  immediately  it  is  set  up  ; 

(2)  after  standing  a  few  minutes  ; 

(3)  while  ringing  an  electric  bell ; 

(4)  after  it  has  rung  the  bell  for  two  minutes. 
Take  a  Leclanche  (or  dry)  cell  and  repeat  (2),  (3),  (4)  with  it. 

31.  To  trace  the  lines  of  flow  of  a  current  across  a  sheet  of  foil     Fix 
the  foil  to  a  drawing  board  with  a  sheet  of  paper  underneath  :  use  two 
drawing  pins  as  terminals.     Find  first  of  all  lines  of  equipotential.     To  do 
this  drive  a  needle  A  anywhere  through  the  foil  and  join  it  by  a  fine  wire 
through  a  delicate  galvanometer  to  a  second  needle  B.     Move  B  about  till 
a  point  C  is  found  on  the  foil,  such  that  no  current  flows  through  the 
galvanometer  on  making  contact.     Prick  through  the  foil  at  C  into  the 
paper.     Find  a  series  of  points  in  the  same  way,  all  at  the  same  potential 
as  A.    These  may  be  joined  up  on  the  paper  later.     Proceed  to  find  other 
similar  lines. 

32.  Make  some  pole-testing  paper  and  use  it  to  find  the  positive  pole 
of  a  cell  made  from  acid,  iron,  and  copper.      Try  to  make  and  test  cells 
with  other  pairs  of  metals. 

33.  Dip  the  ends  of  copper  wires  leading  from  the  terminals  of  a 
battery  into  (a)  solutions  of  copper  sulphate,  (ft)  dilute  acid,  for  a  few 
seconds.     Note  the  appearance  at  each  end  and  so  give  rules  for  finding 
positive  and  negative  poles  of  a  battery. 

34.  By  placing  a  magnet  in  a  water  bath  near  a  magnetometer,  find 
how  its  moment  is  dependent  on  its  temperature. 

35.  Find  by  the  method  of   substitution  the  resistance  of   a   coil. 
(Arrange  a  galvanometer,  the  coil  and  a  cell  in  series.     Note  the  current. 
Now  replace  the  coil  by  a  resistance  box  and  arrange  to  get  the  same 
current.) 


APPENDIX 


Kl.K<-TK"-rilKMK'U. 

Aluminium     '000094  Ilvdro-en     '0000104  Silver     mill  is 


<'oj>i»er  -00<>  Oxygen         "000083  Xim- 

K.M.F.  OP  CBLLS  in  volts. 

Daniell     1*08  Grove       1*9  Leclun.  i,,  14 

Clark        T4.S  Hunseii     1*9  Chromic  acid    2*0 


SI-K'  ui'     EtflmiTAK  I   in   iiiiemhing. 

Aluminium     2'8  Iron  rman  Silver     ?20 

Copper  IT.  Mereury      :«i  Silver  IT. 

O1C  I MU  «  TIVK  c\i-\«  ITY  (Air,  1). 

80  IV-troleum     -J  Kl...nite     2—3  l'a].,-r 

(.hiss        6—10          Wax  -J  Shellac        3 


OOPPD    V\ 

QMge 

hiam.  in  mm. 

14                  18 

•_'•«.:{             i-ji 

71 

26 
•45 

Y'k  |M-r  ML 

17                 48 

1  in 

MO 

<  >lim>  ].er  M*. 

•os                   v,4 

5'5 

<.aui:r>  It  and  18  can  safrlv  can-y  In  ;m«l  »  ani|.>.  rc-j.c<ti\(  ly 

hi, IK  iitinii*  nf  rjn'trind  (Jimntitie*. 

Thr   tn]l<. \\iiiLT  t;tl»l«-  -i\c^  tin-  «liiiirn>i<»ii-  «•!'  BOOM  «•!'  tlu- 
pi-iiicip;il    niMirnrtir   ;iinl    elect ricul    iinit^    in    term-    "t    Maw, 
l.ciinili.  Time.  ;mi|  a  tniirtli  unit.     <  Mi  the  C.O.8.  rlect  n^- 
-\-trni  thi-  t'nurth  i-  -|»ccitic  imlurtixr  r:i|»:u-ii\.  <l«-n..tc.|  1,\  /. 
tin--.-  •linifii-inn-  in;i\   In-  \\orkcd  <Mit   I  IN   r«  tcivii.  •••  t.» 

I*'-.  I1.'1.',  in  "nlrr.  <  MI  tlic  <  <;.s. 
Bystem  tin-  tniirtli  unit  :i<!<>|>t<-i|  ;I-  ;i  t'nii<laiiirnt;il  Ir-'in  \vlii<  li 
t«.  derifC  Othen  i-  |MTHH  ai.ilil\  //.  \\..rk  them  «>nt  in  tlie 
tnllo\\inur  nnlrr.  pule  -t ren- th.  Art.  I.  current.  Art.  188,  <  I 

IM> 
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If  we  equate  the  dimensions  of  any  quantity  on  the  two 
systems,  we  find  that  /•  "  ^- p~  *  =  LT~\  Now  LT~l  indicates 
a  velocity,  F.  A  careful  comparison  of  values  on  the  two 
systems  gives  a  value  3  x  HPcm./sec.  for  F.  To  convert 
measures  from  one  system  to  the  other  we  must  multiply  1>\ 
some  power  of  F.  Thus  one  electrostatic  unit  of  resistance 
is  equal  to  32  x  1020  electromagnetic  units. 


Electrostatic 

Electromagnetic 

Ratio 
(i):(«) 

Practical        K.  M. 
unit           units 

k    M    L    T 

ti.    M     L     T 

Charge 
Current 

P.D. 

Resistance 

4   i    i  -  * 

i   i    t-2 
-4  i    i-i 

-10-1       1 

-1   i    i    o 

-i     i      t-1 
t    *      1-2 

10      1-1 

V 

V 

Y-\ 

v-* 

coulomb  =  10  -1 
;iniiK;re=  10  ~l 
volt^lO8 
ohm  =  10° 

Capacity 
Magnetic  force 
Magnetic  flux 
Pole  strength 
Inductance 

1010 

i   i    i-2 
i  i    1-2 

-i   k    i    o 

-10-1      2 

-10-1      2 
-i     i  -1-1 
-i     i      1-1 
i    i      IT! 

1010 

/'- 
V 

V 
y-\ 

y-2 

farad  =  10  ~9 
gauss  =  1 
maxwell  =  1 

henry  =  10» 

FT/fffiDJi  . 


Fig.  134. 


Fig.  1S5. 


AXSNVKRS 


27.  2    '047  grm.  3.    16*  6.    174<>  e-oiiloi.il.>,  -Jl  amp. 

7.  '4-J  amp..  -x.-»  amp. 

28.  9.  :;•!  amp.  10.  -(KM.;.  11.  BDS;  Sl*a  15.  L".'  -s  i,,in>. 

16.  X".M     UTlll.     plT    . 

40.  1.  '.'::.        2.   l-VTUcal.        3.  -J  4  degrees.        4.  :<x  lo  -,  i  x  lO'6. 
5.  l-l,M7.  6.  r.  7.  (5  h.  :>7  in.  8.  i  i«; 
9.  -J.-.71  nmlombs.            10.  -.v_>4.  n»-j  k-  aL,  '.'"I  °/0.            11 

41.  12.  •_»•  i.l  13.   1  :  1  14.  -93°.          15 

17.  -_N(I.  -J-4         .  18.    .VJ.IMMI  joulrv  19.     -.'{  .     It,. 

47.  1.  s.  r,.  ;{•_>  ;,,„],.        2.  |  ohm.        3.  44n  ,,!„„>.  7-:,  ;imp..  l  r: 
4,  4.1.  ;  .  ..in,,.       5.  ii.  s  .,1,1,  ,v       6.  -jui  ohmt.     7 

8.  1  !  ..Inn:  1.  1.  •_'  amp.,  4.  .'{  volts.          9.   {•  ..  Inn.          10.  -j:u,  286. 

48.  11.  /  13.    I-':."  ..liiiiv  14.  59-5  volte,  4  D  - 

15.  -ol7  volt.  16.  17.    "<>•_•"_>  ..Inn.  18. 

19.  i:.:;.  21.   Hi.  22.  7fi  amp.  23. 

24.  .vi-j.  25.  -VT.-.x  1<»\   i-j  m.  l",. 

49.  26  27.    :  .p.:  •_'••••  "limx.  i  -j:,  x.,itv  28.^ 
29.   1:1-01.        30.   I  ..hi,"..        32                  34  -68*. 

55.  1.  •_'  i  \"liv  ••  ..Inn.  2.  :.  \..i;  nils.  3   7T>ohnw. 
4.    ;M  rolt 

56.  5.  282  ofami.  7.    :\:>:i  amp.  8.  •.• 

9.  '.rjn,,|ii,,*.  10.  '466  amp,  11.  -n-.1  .,lun. 
12.  3-OOfi  ..m],  ,  -04  roU  .   :•-'  ohm,  i  6  \"lt.  13. 

15.  //    ft      16.  i  rott    17 

18  --It. 

65.217.  4.      J.  -ns|      1,1118,9-03  W:.' 


66.     13.    _'«»j  ,  ^rnn.  16.  -7-N  '<«9,  -MM  a 

18.   ir,.,.  i  •••»;  ;,.„,..  19.  -4:<amp  20.  A-  .Vi»  A»  A  »»P- 

21.   7  -_'  amp. 

-3 
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PAGE 

67.     22.   '19,  3  IT),  2'6  amp.  23.  6,  3  joules;   1,  J  amp. 

25.  |  volt.  26.  One  reversed.  27.  6  ohms. 

81.  4.  84-2,  50,  13-8  ;  2*2,  1"2,  2'5  °/0.  6.  f  ,  £f  amp.  8.  ^  volt. 

82.  9.  -0013  volt.  10.  187-8,  227'6,  '18  volt.  11.    T15  volts. 
12.   To  volts.             13.    -  '25,  T45,  :95,  -25  volt.             15.  "0024  volt. 

93.  1.  "65  volt.        2.  '40  amp.        3.  80°.        4.  17  '4.        7.  35°. 

94.  8.  -02  ohm.  12.  "0375.  20.  1  ohm. 

95.  24.  '0066,  -000936,  "0042  amp. 

1O2.     1.  29  ohms.          2.  '079  ohm.          4.  '0032  volt.          7.   18  '9  ohms. 

122.     18.  IV  F,  rixlO~3  volts.       '20.  '000157  volt.       21.  3  "02  max  wells. 
22.  1*9  x  10~5  amp.,  '037  erg,  6'6  x  10~5'  dynes.  23.  '603  amp. 

133.  1.  5-2  x  10~4,  2'6  x  10-4  coulombs.          2.  860  max.,  3'4x  10~6  coul. 
3.  2700  max. 

134.  16.  -377. 

139.     3.  13  -9  amp.  4.  37  '6  maxwells.  6. 

9.  67rWd4.  10.       .  11. 


172.  1.  36.  2.  2-5  dynes.  3.  2'04,  '51  gnu.  wt. 
4.  172  cm.  outside,  '32  dyne. 

173.  6.  357.        7.  100,25.        8.  45'1  or  34'9.        9.  17.        10.  "00080. 

11.  43-7.          12.  '029,  T05,  '052.         13.  '367.         14.  40  dyne  cm. 

15.  1296. 

174.  16.  1:2-37.  17.  '01  gauss.  18.  5°.  19.  40°  54'. 

20.  1:2-74.  21.  52'8.  22.  Mm^5/d3. 

24.  60,000;  177  sec.,  T12  sec.          25.  4  dyne  cm.          26.  '2,  '505. 

175.  27.1:1-33.  28.  206,  -175.  29.     1351,1780. 
181.    2.  171  ergs.            3.  127.            4.  5  gausses,  '35  maxwell. 

227.  1.  4§cm.  2.  5414.  3.  31.  4.  121.  5.  6'93,  0. 

6.  0,  1-8.          8.  7:3.          10.  0,  '069.          11.     1  =  i-  +  ~  +  -L. 

(j       Oi       Co       Os 

12.  A-  13   33,  5. 

228.  14.  4,8;  ^,  i;  4,  2.     2l£,  10§;  3J;  i  ,  j-  .  15.10. 

16.  15.  17.  T3,  0.  18.  9:5.  19.  125.  20.  200. 

21.  9:1.        22.  5£,  -178,  13'4.         23.  500.         25.  72.         27.  35. 

229.  31.  487rW.  32.20.          38.  q  ;  cq  (a  -  b)/ab  ;  q  (a  -  b)/ab. 
39.  Q/8,  Q/4.             40.  32-7. 


Answers 

I'A'IK 

233.  1.  •'•:<•>:>  mi.  2.  :>    i.    -  Q  passes  from  second  to  first 

5.  25,000  ergs,  1000  unite.  8.  :.  1  9.  2  Vw,  500/Vir. 

234.  10.3.  12.  600  volts.  13.6:1.  14.  407. 

235.  2.  18.  5.  270°.  6.  1  :  I  «, 

236.  10.       1:7.         11.8:17.          12.  37'5  cm.,  "83  cm.,  'HW  ohm. 
17.   1:400. 

237.  20.  17xln"c!.i.  21.  4770  cm.,  44<Nin.i-. 

22.  44grm.;  46,000  cal;  6}  ohms.       23.  44cm..  1°7'.        27.   17-V 
30. 


238.  40.  in.  41.  78  :  1.  42.  '00012  amp.  :  .S  joules  :  r.n  kw. 

239.  43.  ///•;   A4rrr/;   ;,Ar-  Srr-/  ;   A  4rrnt.  44.   «(l+2s'2)/4. 

45.  maPtf/e  +  el*.  52.  '69  sec. 

240.  56 
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Alternating  dynamo     124 
Ammeter    22,  89 
Ampere    22,  84 
Ampere's  Law    Chap.  XV 
Anode     17 
Armature,  ring     127 

drum     128 
Axis     1 

Ballistic  galvanometer    93 
Barlow's  wheel     12 
Bell     105 
Bridge,  Wheatstone    68 

B.A.     69 

Carey  Foster    73 
Bunsen  cell    60 

Capacity    200 
Cavendish     186,  216 
Cells,  Bunsen    60 

chromic  acid     61 

Clark     62 

Daniell     59 

de  la  Rive     104 

dry    62 

Grove    60 

Leclanche    61 

secondary    21 

simple    57 

Smee    58 

Weston     62 
Cells,  E.M.F.  of    58 

comparison  of    76 

grouping  of    62 

resistance  of    52,  72 
Chemical  equivalent    21 
Clark  cell    62 
Compass     140 
Condensers     112 

comparison  of    206 
Epinus    202 
spherical    226 

Condensing  electroscope    206 
Conductivity    45 


Coulomb    24 
Coulomb's  Law    2 
Couple  on  magnet     166 

Daniell  cell    59 
Declination     159 
Declinometer    159 
Demagnetisation     152 
Density     188 
Dielectric    230 
Dimensions    233 
Dip     160 
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